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Primary  Care:  The  Diagnosis  and  Treatment  of  Cough  (review)— Irwin  RS.  Madison  JM. 
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Withdrawing  Life  Support  from  the  Critically  III— McGee  DC.  Weinacker  AB,  Raffin  TA. 
Chest  2000  Nov;  11 8(5 1:1238-1239. 

Managed  Care  of  Chronically  III  Older  People:  The  US  Experience— Boult  C.  Kane  RL. 
Brown  R.  BMJ  2000  Oct  21  ;321(7267):  101 1-1014 

Is  There  More  to  Lung  Development  than  Steroids  and  Surfactant'.'— Rajagopal  J.  Kmane 
TB.  Pediatrics  2000  Nov;106(5):l  103-1 104. 

Respiratory  Mechanics  in  ARDS:  A  Siren  for  Physicians?— Pelosi  P.  Gattinoni  L.  Intensive 
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Organization  of  Personnel  and  Resources  for  Airway  Management 
in  the  Hospital  and  Office  Environment — Showan  AM.  Sestito  JA. 
Crit  Care  Clin  2000  Jul;16(3):527-539. 

Good  airway  management  depends  on  a  system  that  emphasizes  team- 
work to  expedite  care  and  minimize  errors.  By  understanding  the  accred- 
itation and  licensing  requirements,  appropriate  personnel  and  equipment 
can  be  allocated  along  cost  effective  guidelines.  Newer  techniques  for 
management  of  the  difficult  airway,  such  as  the  laryngeal  mask  airway 
(LMA;  LMA  North  America.  San  Diego.  CA)  and  flexible  fiberoptic 
bronchoscope,  provide  alternatives  to  the  emergency  cricothyrotomy.  A 
program  of  continuous  quality  improvement  and  clinical  guidelines  will 
enhance  patient  care  and  suggest  intelligent  use  of  airway  resources. 

The  Role  of  Fiberoptic  Bronchoscopy  in  Airway  Management  of  the 
Critically  III  Patient— Weiss  YG.  Deutschman  CS.  Crit  Care  Clin  2000 
Jul;16(3):445-451. 

Fiberoptic  bronchoscopes  (FOB)  play  a  pivotal  role  in  airway  manage- 
ment in  the  operating  room  and  critical  care  environments.  This  article 
examines  (he  role  of  FOBs  in  modern  airway  management  based  on  a 
review  of  recent  literature  and  personal  experience. 

Augmented  Fiberoptic  Intubation — Barnett  RA.  Ochroch  EA.  Crit  Care 
Clin  2000  Jul;16(3):453-462. 

Patients  who  are  difficult  to  intubate  are  randomly  encountered.  Patients 
who  are  in  the  postoperative  period  or  who  have  suffered  trauma  have  a 
greatei  chance  ol  being  difficult  to  intubate.  The  ability  to  quickly  mo- 
bilize (rained  personnel  ami  advanced  equipment  provides  (he  best  chance 
foi  .i  good  outcome  lor  these  patients.  Practice  in  placement  ol  .mil 
intubation  withLMAsis  an  important  siep  toward  providing  an  extensive 
safety  net  lor  patients  needing  intubation. 


Airway  Management  in  the  Obstetric  Patient — Lewin  SB.  Cheek  TG. 
Deutschman  CS.  Crit  Care  Clin  2000  Jul;  16(3 1:505-5 1 3. 

In  summary,  the  need  to  manipulate  (he  airway  in  the  pregnant  patient 
requires  careful  consideration  and  substantial  planning.  Anatomic  and 
physiologic  changes  of  pregnancy,  coexisting  conditions,  and  the  poten- 
tial for  aspiration  all  carry  a  risk  of  morbidity  and.  indeed,  mortality. 
Preparation,  including  early  and  repeated  airway  evaluations  through- 
out pregnancy  and  labor,  is  encouraged.  Knowledge  of  an  emergency 
airway  algorithm  and  a  well  thoughl-out  plan  for  difficult  intubations 
are  imperative.  Equipment  must  be  available  and  in  good  condition. 
Finally,  proper  education  and  review  for  individuals  involved  in  the 
delivery  of  care  on  the  labor  floor  are  mandatory.  Although  it  is  not 
always  possible  to  control  the  manner  in  which  these  patients  present, 
it  is  usually  possible  to  control  the  environment  into  which  the) 
present. 


Teaching  Airway  Management  Skills:  How  and  What  to  I, earn  and 
Teach— Gaiser  RR.  Crit  Care  Clin  2000  Jul;16(3):515-525. 

It  is  important  to  instruct  all  individuals  involved  in  patient  care  in  airwa) 
management.  The  degree  of  skills  actually  taught  depends  on  the  student. 
Currently,  there  are  many  options  toi  teaching.  Mannequin  training  is  the 
one  best  suited  to  instruct  a  large  number  of  students  in  a  \  arietv  ol  skills. 
Training  of  surgical  and  obstetric  residents  improves  relations,  may  im- 
prove patient  safety,  and  educates  these  individuals  regarding  the  risks  ol 
failed  intubation.  Actual  clinical  decisions  regarding  patient  management 
are  based  on  the  .iu«a>  examination.  There  is  room  for  improvement  in 
instruction,  even  in  anesthesiology  programs.  Various  techniques  must  be 
taught  and  practiced.  As  more  anesthesiologists  become  trained  and  then 
(rain  other  physicians,  the  number  ol  cases  in  the  Closed  Claims  Study 
involving  the  airway  will  continue  to  decrease. 
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Bring  your  valuable  Respirator]  <  art  skills 
to  Kl  II  MPS  and  you'll  continue  caring  for  pa- 
tii.-rn-..  while  gaining  the  added  freedom  to  attain 
unparalleled  experience  performing  in  .1  variety  ol 
new  and  challenging  settings 

•  Great  salary 

•  (  omplctc  career  management 

•  Paid  travel 

•  I  he  best  support  in  tin-  marketplace 

•  Private  noising 

•  Short-term,  long-term  or  permanent  place- 
ments available 

Founded  and  operated  bj  experienced  healthcare 

professionals  since   lv>S7.  Kill  MI'S  is  com- 
prised ol  a  rapidly  expanding  alliance  ol  compa- 
nies that  are  committed  to  meeting  both  the  staff- 
ing and  continuing  education  needs  ol  the 
healthcare  industry 

Visit  us  online  at  www.rttcmps.com.  where  medical 
facilities  can  e-mail  us  their  vacancies  and  candi- 
dates can  download  applications   Call  us  at  1-800- 
677-8233  or  you  can  fax  us  toll-free  al   1-800-227- 
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RSS  100HR  Research  Pneumotach  System  with 
Hans  Rudolph  linear  pneumotach 


•  Model  RSS  100HR  for  the  Hans  Rudolph  linear  &  Bi-directional 
screen  Pneumotachs  in  8  flow  ranges 

•  Model  RSS  100  For  the  Fixed-Orifice  Pneumotachs  available  in 
Adult  &  Neonatal 

•  Measures  gas  flow  using  the  differential-pressure  method 

•  Windows"  software  for  displaying,  storing  and  reviewing  data 

•  System  is  fully  functional  as  a  stand-alone  device 

•  LCD  screen  displays  waveform  and  parameter  data  in  real  time 

•  Embedded  microprocessor  calculates  flow  rates  and  provides 
correction  for  gas  density,  viscosity,  temperature,  barometric 
pressure   and  airway  pressure 

•  Calculates  over  15  ventilatory  parameters 

•  Integrated  breath  detection  algorithm  automatically  detects 
start  and  end  of  breath 

•  Built-in  linearization  routine  calibration  function  for  Rudolph  Pneumotachs 

•  Serial  RS232  and  analog  outputs  provided  for  data  collection 

P^^  HANS  RUDOLPH,  inc. 

f   /  /         MAKERS  OF  RESPIRATORY  VALVES  SINCE  1938 

^— <■    TEL:  (816)  363-5522   U.S.A.  &  CANADA  (800)  456-6695 

FAX:  816-822-1414    E-Mail:  hrierudolphkc.com    wwwrudolphkc.com 
7205  CENTRAL.  KANSAS  CITY.  MISSOURI  64114  U.S.A. 
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Bridges  to  Establish  an  Emergency  Airway  and  Alternate  Intubating 
Techniques— Foley  LJ.  Ochroch  EA  Cut  Care  Clin  2000  Jul;16(3):429- 


In  this  article,  a  number  of  alternatives  to  direct  laryngoscopy  are  exam- 
ined. These  alternatives  include  the  laryngeal  mask  airway  (LMA;  LMA 
North  America.  San  Diego.  CA).  cuffed  oropharyngeal  airway  (COPA: 
Mallinckrodt.  St.  Louis.  MO),  and  Combilube  (Kendall-Sheridan.  Mans- 
field. MA),  that  have  been  designed  to  act  as  bridges  to  establish  an 
airway.  Oilier  devices,  such  as  rigid  stylets,  the  lightwand  (a  blind  tech- 
nique) and  indirect  fiberoptic  rigid  stylets,  such  as  the  Bullard  scope. 
Upsher  scope,  and  Wu  scope  are  also  bnelly  discussed. 


I  tespitc  ha\  me  been  a  known  surgical  procedure  foi  ovei  5000  years,  the 
specifics  of  how,  when,  and  why  to  perform  a  surgical  airway  are  still 
debated.  With  new  procedures,  equipment,  and  techniques,  operative 
airway  management  is  becoming  more  complex.  New  methods  ol  sur- 
gical airway  management  have  to  he  evaluated  against  the  gold  standard, 
which  will  always  be  the  open  tracheostomy  performed  in  the  operating 
room.  Unlike  Dr.  Jackson  in  1WJ.  surgeons  todaj  have  to  evaluate  these 
new  procedures  not  only  by  their  efficacy  but  also  by  their  cost  effec- 
tiveness. 


Transtracheal  Oxygen  Delivery - 

Jul:16(3):463-472. 


-Eckmann  DM.  Crit  Care  Clin  2000 


Pediatric  Urwaj  Issues 
Jul;16(3):489-504. 


-Levy  RJ.  Helfaer  MA.  Crit  Care  Clin  2000 


Airway  management  in  the  pediatric  patient  requires  an  understanding 
and  knowledge  of  the  differences  and  characteristics  unique  to  the  child 
and  infant.  New  and  exciting  techniques  are  currently  being  explored  and 
developed  for  management  of  the  pediatric  airway.  Technology  in  the 
area  of  imaging  has  allowed  clinicians  to  hetler  visualize  the  airway  and 
aberrations  of  it.  Presently,  there  are  mans  different  modes  and  routes  of 
ventilation  and  oxygenation  that  are  being  applied  to  the  pediatric  patient 

for  different  disease  states.  Work  continues  to  probe  for  methods  and 
ways  that  will  allow  us  to  take  care  of  infants  and  children  better  and  to 
provide  the  safest  and  most  effective  means  of  delivering  that  cue  No 
doubt,  there  will  be  more  advances  and  exciting  ideas  to  come  that  lead 
to  better  management  of  the  pediatric  airway 


Surgical  Airway  Management  in  the  Intensive  Care  I  nit — Pry,  or  Jl\ 
Reill)  I'M.  Shapiro  MB.  Crit  Care  Clin  2000  Jul;  16{3):473-488. 


Tracheal  insufflation  ol  oxygen  lias  at  least  three  major  uses  for  chronic- 
oxygen  supplementation  through  a  percutaneous  catheter,  it  is  an  adjunc- 
tive measure  to  enhance  gas  exchange  during  mechanical  ventilation,  and 
it  provides  an  emergency  therapy  lor  oxygen  delivery  with  upper  airway 
obstruction.  In  this  article  the  mechanisms  of  gas  exchange  and  tech- 
niques of  oxygen  delivery  are  described  lor  each  ol  these  major  uses 

Emergent  Airway  Management:  Indications  and  Methods  in  the  Face 
of  Confounding  Conditions  Rodncks  MB.  Deutschman  CS.  Cm  Care 
Clin  2000  Jul. IN  5)  189-409 

Optimal  airway  management  requires  an  experienced  caregiver,  attention 

to  detail,  and  knowledge  of  the  patient's  physiology  \  variety  ol  phar- 
macologic agents  have  proved  useful  in  Obtaining  a  secure  airway  and 
minimizing  risk  to  the  patient  Depending  on  the  skills  ol  the  caregiver, 
oral  intubation  has  become  the  preferred  means  of  airway  control  in  most 
patients  Advances  in  technique,  equipment,  and  pharmacology  have 
greatly  improved  the  art  ol  airwaj  management;  however,  there  is  no 
substitute  for  an  experienced  clinician 
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PROGRAM  #1 

Taking  the  Mystery  Out  of 
Weaning  the  Pediatric  Patient 
from  the  Ventilator 

Peter  Betit,  BS,  RRT,  FAARC.  and  Richard 
D.  Branson,  BA,  RRT,  FAARC 

Learn  when  to  begin  the  process  and  how  to 
recognize  critical  events  in  weaning  a  pedi- 
atric patient.  Also  teaches  the  physiological 
diffeiences  between  the  adult  and  pediatric 
patient  and  why  weaning  of  the  pediatric 
patient  is  different.  The  presentation  con- 
fronts participants  with  options  in  providing 
assisted  ventilation  and  the  correct  selection 
of  options  that  expedite  weaning. 

Live  Videoconference  - 

March  13, 11:30  a.m.  - 1:00  p.m.  Central  Time 

Teleconference  with  Videotape  - 

April  10, 11:30  a.m.  - 12:00  Noon  Central  Time 

PROGRAM  #2 

Pulmonary  Rehabilitation: 
Standard  Care  for  Chronic  Lung 
Disease  Patients 

Trina  Limberg,  BS,  RRT,  and  Thomas  J. 
Kallstrom,  RRT,  FAARC 

Presentation  details  when  to  refer  a  patient 
for  pulmonary  rehabilitation  and  the  four  ele- 
ments necessary  for  the  successful  opera- 
tion of  a  rehabilitation  service.  Details  how 
to  prepare  a  treatment  plan  during  assess- 
ment and  how  to  modify  it  based  on  subse- 
quent evaluations  as  well  as  how  to  incor- 
porate rehabilitation  techniques  into  routine 
bedside  therapy  sessions. 

March  27,11:30  a.m.  -  1:00  p.m.  Central  Time 
April  17, 11:30  a.m.  - 12:00  Noon  Central  Time 

PROGRAM  #3 

Noninvasive  Ventilation: 
The  Latest  Word 

Dean  R.  Hess,  PhD,  RRT,  FAARC,  and 
Richard  D.  Branson,  BA,  RRT,  FAARC 

Learn  how  to  avoid  intubation  in  the  acutely 
ill  patient  through  identification  of  patients 
most  likely  to  benefit  from  noninvasive  ven- 
tilation. Learn  selection  and  proper  fit  of  full 
masks  or  nasal  masks  and  how  to  select  the 
proper  ventilator  based  on  the  patient's 


condition  and  desired  outcomes.  Also  learn 
when  to  make  adjustments  to  achieve  the 
goals  of  unloading  respiratory  muscles  and 
achieving  good  patient/ventilator  synchrony. 

Live  Videoconference  - 

April  24, 11:30  a.m.  - 1:00  p.m.  Central  Time 

Teleconference  with  Videotape  - 

May  29, 11:30  a.m.  - 12:00  Noon  Central  Time 

PROGRAM  #4 

Education  of  the  Patient  with  Asthma 

Tracey  Mitchell,  RRT,  RPFT,  and  Thomas  J. 
Kallstrom,  RRT,  FAARC 

This  program  teaches  how  to  ensure  that 
patients  understand  the  disease  process  of 
asthma  and  their  care  plan  for  effective  dis- 
ease management.  And,  it  details  what 
patient  education  materials  are  available, 
their  content,  where  to  find  them,  and  the 
best  methods  of  presentation,  including  new 
terminologies,  analogies,  and  techniques. 

Live  Videoconference  - 

May  22, 11:30  a.m.  - 1:00  p.m.  Central  Time 

Teleconference  with  Videotape  - 

June  19, 11:30  a.m.  - 12:00  Noon  Central  Time 


PROGRAM  #5 

ARDS: 

The  Disease  and  Its  Management 

Leonard  D.  Hudson,  MD,  and  David  J. 
Pierson,  MD,  FAARC 

Presents  the  four  diagnostic  criteria  for 
ARDS  and  the  six  clinical  risk  factors  that 
place  patients  at  increased  likelihood  for 
developing  ARDS.  The  program  will  teach 
viewers  how  to  understand  the  implications 
of  the  lower  and  upper  inflection  points  on 
the  pressure-volume  curve  of  the  respira- 
tory system  in  ARDS  patients;  and  instruct 
them  in  the  calculation  of  estimated 
required  tidal  volume. 

Live  Videoconference  - 

June  26, 11:30  a.m.  - 1:00  p.m.  Central  Time 

Teleconference  with  Videotape  - 

July  17, 11:30  a.m.  - 12:00  Noon  Central  Time 


PROGRAM  #6 

New  Respiratory  Drugs: 
What,  When,  and  How? 

Joseph  L.  Rau,  PhD,  RRT,  FAARC,  and 
Patrick  J.  Dunne.  MEd,  RRT,  FAARC 


Introduces  participants  to  new  formulations 
such  as  racemic  drug  mixtures  and  single 
isomers  and  their  effective  duration  and  how 
they  lead  to  lower  costs  with  improved 
patient  responses.  Viewers  will  learn  the  use 
of  improved  anticholinergics  in  the  treat- 
ment of  asthma  patients  and  learn  the  uses 
and  effects  of  inhaled  anti-infective  agents. 

Live  Videoconference  - 

Aug.14,  11:30  a.m.  -  1:00  p.m.  Central  Time 

Teleconference  with  Videotape  - 

Sept.11, 11:30  a.m.  -  12:00  Noon  Central  Time 

PROGRAM  #7 

Invasive  Ventilation: 
The  Latest  Word 

Richard  Kallet,  MS,  RRT  and  Richard  D. 
Branson,  BA,  RRT  FAARC 

Learn  how  proper  ventilator  management 
can  preclude  inflicting  harm  on  the  patient 
and  why  it  is  essential  for  the  clinician  to 
understand  the  function  and  mechanics  of 
newer  mechanical  ventilators.  Also  learn 
how  reducing  the  patient's  work  of  breath- 
ing is  essential  in  reducing  the  additional 
load  on  ventilatory  musculature,  and  why 
reinflating  lungs  and  enhancing  the  func- 
tional area  of  the  lung  demands  extraordi- 
nary means. 

Live  Videoconference  - 

Sept.  25,  1 1 :30  a.m.  -  1 :00  p.m.  Central  Time 

Teleconference  with  Videotape  - 

Oct.  16, 11:30  a.m.  -  12:00  Noon  Central  Time 


PROGRAM  #8 

Test  Your  Lungs,  Know  Your 
Numbers,  Prevent  Emphysema 

Thomas  L.  Petty,  MD,  FAARC  and  David  J. 
Pierson,  MD,  FAARC 

Reviews  the  classic  signs  of  COPD  with  an 
emphasis  on  emphysema  and  a  discus- 
sion on  the  measures  used  to  relieve 
symptoms  and  slow  disease  progression. 
Covers  the  importance  of  pulmonary  func- 
tion tests  to  determine  VC,  FFC,  and  FEVi; 
and  why  getting  patients  to  know  their 
numbers  is  the  key  to  early  diagnosis  and 
successful  treatment. 

Live  Videoconference  - 

Oct.  23, 1 1 :30  a.m.  -  1 :00  p.m.  Central  Time 

Teleconference  with  Videotape  - 

Nov.  20,  11:30  a.m.  -  12:00  Noon  Central  Time 
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NURSING: 

Each  program  is  approved  for  1 .2  hours  of  continuing  education  credit  by  the  Texas  Nurse  Association.  Purchase  of  videotape  only,  without 
live  question  and  answer  session,  does  not  earn  continuing  education  credit. 
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Abstracts 


( Operation  Everest  III:  Role  of  Plasma  Volume  Expansion  <>n  \ '(),,„ M 
during  Prolonged  High-Altitude  Exposure    Robach  P,  Dechaux  M. 

I. nrni  s.  Vaysse  J,  Schneider  JC,  Mason  NP.  el  al.  J  Appl  Physiol  2000 
lul;89(  I  ):29-37. 

We  hypothesize  thai  plasma  volume  decrease  iAI'Vi  induced  b>  high- 
altitude  (HA)  exposure  and  intense  exercise  is  involved  in  the  limitation 
ol  maximal  O.  uptake  iVO,mlj  at  HA.  Eight  male  subjects  were  de- 
compressed for  31  days  in  a  hypobaric  chamber  to  the  barometric  equiv- 
alent til  \li  Everest  (8,848  m).  Maximal  exercise  was  performed  with 
and  withoul  plasma  volume  expansion  (PVX.  219-292  mL)  during  ex- 
ereise,  al  sea  level  (SL),  al  HA  (370mm  Hg, equivalent  to 6, 000m  aftei 
10-12  days)  and  after  return  to  SI.  (RSL.  1-3  days).  Plasma  volume  (PV) 
was  determined  at  resl  al  SI..  HA.  and  RSI.  hy  Evans  blue  dilution.  PV 
was  decreased  b)  2691  in  0.0 1)  at  HA  and  was  109!  higher  at  RSL  than 
al  SI.  1  xercise-induced  APV  was  reduced  both  by  PVX  and  HA  (p  < 
0.05).  Compared  with  SL.  VO,M11<  was  decreased  bj  58  and  1 1%  at  HA 
and  RSL.  respectively  V '<>.,„.„  was  enhanced  by  PVX  at  HA  (+9%.  p  < 
0.05)  but  not  al  SL  or  RSL.  The  more  PV  was  decreased  at  HA,  the  more 

\  o, was  improved  by  PVX  (p  <  0.05).  At  exhaustion,  plasma  renin 

and  aldosterone  were  not  modified  at  HA  compared  with  SL  but  were 
higher  at  RSL.  whereas  plasma  atrial  natriuretic  factor  was  lower  al  HA. 
The  present  results  suggest  that  PV  contributes  to  the  limitation  of  V02mM 
during  acclimatization  to  HA.  RSL-induced  PVX.  which  may  be  due  to 
increased  activity  of  the  renin-aldosterone  system,  could  also  influence 
the  recovery  of  VO,lni,. 

Sustained  [socapnic  Hypoxia  Suppresses  the  Perception  of  the  Mag- 
nitude of  Inspiratory  Resistive  Loads — Orr  RS.  Jordan  AS.  Catcheside 
P,  Saunders  NA.  McEvoy  RD.  J  Appl  Physiol  2000  Jul;89(l):47-55. 

The  sensation  ol  increased  respiratory  resistance  or  effort  is  likely  to  be 
important  lor  the  initiation  of  alerting  or  arousal  responses,  particularly  in 
sleep.  Hypoxia,  through  its  central  nervous  system-depressant  effects. 
may  decrease  the  perceived  magnitude  of  respiratory  loads.  To  examine 
this,  we  measured  the  ellcci  ol  isocapnic  hypoxia  on  the  ability  of  10 
normal,  aw  ake  males  I  mean  age  =  24.0  ±  1 .8  yr)  to  magnitude-scale  five 
externally  applied  inspiratory  resistive  loads  (mean  values  from  7.5  to 
54.4  cm  H,0  I.  '  s).  Each  subject  scaled  the  loads  during  37  min  of 
isocapnic  hypoxia  (inspired  ()_,  fraction  =  0.09.  arterial  O,  saturation  of 
SO'J  I  and  during  37  min  of  normoxia,  using  the  method  of  open  mag- 
nitude numerical  scaling.  Results  were  normalized  by  modulus  equaliza- 
tion to  allow  between-subject  comparisons.  With  the  use  of  peak  inspira- 
tory pressure  (PIP)  as  the  measure  of  load  stimulus  magnitude,  the 
perception  ol  load  magnitude  (i/i)  increased  linearly  with  load  and,  av- 
eraged  lor  all  loaded  breaths,  was  significantly  lower  during  hypoxia  than 
during  normoxia  (20.1  i  0.9  and  23.9  ±  1.3  arbitrary  units,  respectively: 
p  =  0.  048).  '/'  declined  with  time  during  hypoxia  (p  =  0.007)  but  not 
during  normoxia  (p  0.361  ).  Our  result  is  remarkable  because  PIP  was 
highei  al  all  limes  during  hypoxia  than  during  normoxia.  and  previous 
studies  have  shown  thai  an  elevation  ill  PIP  results  in  increased  ip.  We 
conclude  thai  sustained  isocapnic  hypoxia  causes  a  progressive  suppres- 
sion of  the  perception  ol  the  magnitude  of  inspiratory  resistive  loads  in 
normal  subjects  and  could,  therefore,  impair  alerting  or  arousal  responses 
to  respiratory  loading. 

Effect  of  the  Mechanical  Ventilator)  Cycle  on  Thermodilution  Right 
\  (utricular  Volumes  and  Cardiac  Output — GroeneveldAB,  Berendsen 
RR.  Schneider  AJ.  Pneumatikos  [A,  Stokkel  LA.  ThijsLG.  J  Appl  Physiol 
2000  lul;89l  I  i  89-96. 

The  purpose  of  this  stud)  was  to  evaluate  right  ventricular  (RV)  loading 
and  cardiac  output  changes,  by  using  the  thermodilution  technique,  dur- 
ing the  mechanical  ventilator)  cycle.  Fifteen  critical!)  ill  patients  on 
mechanical  ventilation,  with  5  cm  H.O  of  positive  end-expirator)  pies 


sure,  mean  respiratory  frequency  of  IX  breaths/mm.  and  mean  tidal  vol- 
ume of  708  mL.  were  studied  with  help  of  a  rapid-response  thermistor 
RV  ejection  fraction  pulmonary  artery  catheter,  allowing  5-mL  room- 
temperature  5';  isotonic  dextrose  thermodilution  measurements  of  car- 
diac index  (CI  t.  stroke  volume  (SV)  index.  RV  ejection  fraction  (RVEF). 
RV  end-diaslolic  volume  (RVEDV).  and  RV  end-systolic  volume 
(RVESV)  indexes  at  109!  intervals  of  the  mechanical  ventilatory  cycle. 
The  ventilatory  modulation  of  CI  and  RV  volumes  varied  from  patient  to 
patient,  and  the  interindividual  variability  was  greater  for  the  latter  vari- 
ables. Within  patients  also,  RV  volumes  were  modulated  more  by  the 
ventilatory  cycle  than  CI  and  SV  index.  Around  a  mean  value  of  3.95  ± 
1.18  L-  min"1-  m"2  (=  10091  i.  CI  varied  from  87.3  ±  5.2  (minimum)  to 
114.3  ±  5.195  (maximum),  and  RVESV  index  varied  between  61.5  ± 
17.8  and  149.3  ±  34.1<7r  of  mean  55.1  ±  17.9  mL/nr  during  the  venti- 
latory cycle.  The  variations  in  the  cycle  exceeded  the  measurement  error 
even  though  the  latter  was  greater  for  RVEF  and  volumes  than  for  CI  and 
SV  index.  For  mean  values,  there  was  an  inspiratory  decrease  in  RVEF 
and  increase  in  RVESV.  whereas  a  rise  in  RVEDV  largely  prevented  a 
fall  in  SV  index.  We  conclude  that  cyclic  RV  afterloading  necessitates 
multiple  thermodilution  measurements  equally  spaced  in  the  ventilatory 
cycle  for  reliable  assessment  of  RV  performance  during  mechanical  ven- 
tilation of  patients. 

Characterization  of  Pharyngeal  Resistance  during  Sleep  in  a  Spec- 
trum of  Sleep-Disordered  Breathing — Tamisier  R.  Pepin  JL.  Wuyam 
B,  Smith  R.  Argod  J.  Levy  P.  J  Appl  Physiol  2000  Jul;89(l):120-130. 

Aims  of  the  study  were  1)  to  compare  Hudgel's  hyperbolic  with  Rohrer's 
polynomial  model  in  describing  the  pressure-flow  relationship.  2)  to  use 
this  pressure-flow  relationship  to  describe  these  resistances  and  to  eval- 
uate the  effects  of  sleep  stages  on  pharyngeal  resistances,  and  3)  to 
compare  these  resistances  to  the  pressure-to-flow  ratio  (AP/V).  We  stud- 
ied 12  patients:  three  with  upper  airway  resistance  syndrome  (UARSl. 
four  with  obstructive  sleep  hypopnea  syndrome  (OSHS).  three  with  ob- 
structive sleep  apnea  syndrome  (OSAS),  and  two  with  simple  snoring 
(SS).  Transpharyngeal  pressures  were  calculated  between  choanae  and 
epiglottis.  Flow  was  measured  by  use  of  a  pneumotachometer.  The  pres- 
sure-flow relationship  was  established  by  using  nonlinear  regression  and 
was  appreciated  by  the  Pearson's  square  (r).  Mean  resistance  at  peak 
pressure  (RmaJ  was  calculated  according  to  the  hyperbolic  model  during 
stable  respiration.  In  78%  of  the  cases,  the  value  of  r  was  greater  when 
the  hyperbolic  model  was  used.  We  demonstrated  that  Rmav  was  in  ex- 
cellent agreement  with  P/V.  UARS  patients  exhibited  higher  awake  mean 
Rm.lx  than  normal  subjects  and  other  subgroups  and  a  larger  increase  from 
wakefulness  to  slow-wave  sleep  than  subjects  with  OSAS.  OSHS.  and 
SS.  Analysis  of  breath-by -breath  changes  in  R,„„  was  also  a  sensitive 
method  to  detect  episodes  of  high  resistance  during  sleep. 

Effects  of  Respiratory  Muscle  WorkonF.xerci.se  Performance — Harms 
CA.  Wetter  TJ.  St  Croix  CM,  Pegelow  DF.  Dempse)  J  A  J  Appl  Physiol 
2()()(i  Iul;89(l):131-138. 

The  normal  respirator)  muscle  effort  at  maximal  exercise  requires  a 
significant  fraction  of  cardiac  output  and  causes  leg  blood  flow  to  tall. 
We  questioned  whether  the  high  levels  of  respiratory  muscle  work  ex- 
perienced in  heavy  exercise  would  affect  performance.  Seven  male  cy- 
clists Imaximal  O,  consumption  (V0  I  63  ±  5  mL-  kg  "'•  min  ']  each 
completed  11  randomized  trials  on  a  cycle  ergometer  al  a  workload 
requiring  90'J  maximal  V,,,.  Respiratory  muscle  work  was  either  de- 
creased (unloading),  increased  (loading),  or  unchanged  (control).  Time  to 
exhaustion  was  increased  with  unloading  in  7(V,  of  the  trials  hv  an 
average  of  1.3  *  0.4  mill  or  14  5',  and  decreased  w  ith  loading  in  8  ;'  I 
of  the  trials  b)  an  average  ol  I  0  •  0.6  min  or  15  ±  396  compared  with 
control  (p  <  0.05).  Respirator)  muscle  unloading  during  exercise  re- 
duced V,,.  caused  hyperventilation,  and  reduced  the  rate  of  change  in 
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Abstracts 


perceptions  ol  respirator)  and  limb  discomfort  throughout  me  duration  of 
exercise.  These  findings  demonstrate  that  the  work  ol  breathing  normally 
incurred  during  sustained,  heavy-intensitj  exercise  (909i  V0  I  has  a  sig 
nificant  influence  on  exercise  performance.  We  speculate  that  this  effeci 
ni  the  normal  respiratory  muscle  load  on  performance  in  iramcJ  male 
cyclists  is  due  to  the  associated  reduction  in  leg  Mood  flow,  which 
enhances  both  the  onset  of  lei!  fatigue  and  the  intensity  with  which  both 
leg  and  respirator)  muscle  cllorts  are  perceived. 

Effect  of  Gender  on  the  Development  of  Hypocapnic  Apnea/Hypop- 
nea  During  NRKM  Sleep— Zhou  XS.  Shahabuddin  S.  Zahn  BR.  Bab- 
cock  MA,  Badr  MS  J  Appl  Physiol  2000  Jul;89(l):192-199. 

We  hypothesized  that  a  decreased  susceptibility  to  the  development  of 
In  pocapnic  central  apnea  during  non-rapid  eye  movement  (NREMl  sleep 
in  women  compared  with  men  could  be  an  explanation  for  the  gender 
difference  in  the  sleep  apnea/hypopnea  syndrome.  We  studied  eight  men 
(age  25-35  vri  and  eight  women  in  the  midluteal  phase  of  the  menstrual 
cycle  (age  21-43  yr);  we  repeated  studies  in  six  women  during  the  mid- 
tolhcular  phase.  Hypocapnia  was  induced  via  nasal  mechanical  ventila- 
tion for  3  mm.  with  respiratory  frequency  matched  to  eupneic  frequency. 
Tidal  volume  (VT)  was  increased  between  110  and  200%  of  eupneic 
control.  Cessation  of  mechanical  ventilation  resulted  in  hypocapnic  cen- 
ii. il  apnea  or  hypopnea.  depending  on  the  magnitude  of  hypocapnia. 
Nadir  minute  ventilation  in  the  recovery  period  was  plotted  against  the 
change  in  end-tidal  P((1,  (P,.rro,)  per  trial;  minute  ventilation  was  given 
a  \  alue  of  0  during  central  apnea.  The  apneic  threshold  was  defined  as  the 
x-intercept  of  the  linear  regression  line.  In  women,  induction  of  a  central 
apnea  required  an  increase  in  VT  to  155  ±  29%  (mean  ±  SD)  and  a 
reduction  of  PETCO,  bv  _4-72  -  °-57  torr-  ln  men-  induction  of  a  central 
apnea  required  an  increase  in  VT  to  142  ±  1 3%  and  a  reduction  of  PETco, 
by  -3.54  ±  0.31  torr  (p  =  0.002).  There  was  no  difference  in  the  apneic 
threshold  between  the  follicular  and  the  luteal  phase  in  women.  Premeno- 
pausal women  are  less  susceptible  to  hypocapnic  disfacilitation  during 
NREM  sleep  than  men.  This  effect  was  not  explained  by  progesterone. 
Preservation  of  ventilatory  motor  output  during  hypocapnia  may  explain 
the  gender  difference  in  sleep  apnea. 

Peak  Flowmeter  Resistance  Decreases  Peak  Expiratory  Flow  in  Sub- 
jects with  COPD— Miller  MR.  Pedersen  OF.  J  Appl  Physiol  2000  Jul; 
89(  1 1:283-290. 

Pre\  ious  studies  have  shown  that  the  added  resistance  of  a  mini-Wright 
peak  expiratory  flow  (PEE)  meter  reduced  PEF  by  approximately  8%  in 
normal  subjects  because  of  gas  compression  reducing  thoracic  gas  vol- 
ume at  PEF  and  thus  driving  elastic  recoil  pressure.  We  undertook  a  body 
plethysmography:  study  in  15  patients  with  chronic  obstructive  pulmo- 
nary disease  (COPD).  age  65.9  ±  6.3  yr  (mean  ±  SD.  range  53-75  yr). 
to  examine  whether  their  recorded  PEF  was  also  limited  by  the  added 
resistance  of  a  PEF  meter.  The  PEF  meter  increased  alveolar  pressure  at 
PEF  (P,„.,kl  from  3.7  ±  1.4  to  4.7  ±  1.5  kPa  (p  =  0.01).  and  PEF  was 
reduced  from  3.6  ±  1.3  L/s  to  3.2  ±  0.9  L/s  (p  =  0.01).  The  influence 
ol  How  limitation  on  PEF  and  P^  was  evaluated  by  a  simple  four- 
parameter  model  based  on  the  wave-speed  concept  We  conclude  that 
added  external  resistance  in  patients  with  COPD  reduced  PEF  by  the 
same  mechanisms  as  in  healthy  subjects.  Furthermore,  the  much  lower 
P  ,  in  COPD  patients  is  a  consequence  of  more  severe  flow  limitation 
than  in  health)  subjects  and  not  of  deficient  muscle  strength. 

Detecting  Lung Overdistention  in  Newborns  Treated  with  High-Fre- 
quency Oscillatory  Ventilation— Weber  k.  Courtney  Si;.  Pyon  KH. 
Chang  GY,  Pandit  PB,  Habib  RH.  J  Appl  Physiol  2000  Iul;89(l):364- 

372. 


Positive  airway  pressure  (P,w)  during  high-frequency  oscillatory  venti- 
lation (HFOV)  increases  lung  volume  and  can  lead  to  lung  overdistention 
with  potentially  serious  adverse  effects.  To  date,  no  method  is  available 
to  monitor  changes  in  lung  volume  (AVLi  in  111  <)V  treated  infants  to 
avoid  overdistention.  In  live  newborn  piglets  (6-15  days  old.  2.2-4.2  kg), 
we  investigated  the  use  ol  direct  current-coupled  respiratory  inductive 
plethysmography  (RIP)  foi  this  purpose  by  evaluating  it  against  whole 
body  plethysmography.  Animals  were  instrumented,  lilted  with  RIP  bands, 
paralyzed,  sedated,  and  placed  in  the  plelhy sinograph.  RIP  and  plethys- 
mography were  simultaneously  calibrated,  and  HFOV  was  instituted  at 
varying  Pa„  settings  before  (6-14  cm  H,Ol  and  alter  (10-24  cm  H,()i 
repeated  warm  saline  lung  lavage  to  induce  experimental  surfactant  de- 
ficiency. Estimates  of  AVE  from  both  methods  were  in  good  agreement, 
both  transiently  and  m  the  steady  stale.  Maximal  changes  in  lung  volume 
i  AVLmJJ  from  all  piglets  were  highly  correlated  with  AVL  measured  by 
RIP  (in  mL)  =  1.01  X  changes  measured  by  whole  body  plethysmog- 
raphy -  0.35:  r  =  0.95  Accuracy  of  RIP  was  unchanged  after  lavage. 
Effective  respiratory  system  compliance  (Ccl, )  decreased  alter  lavage,  yet 
it  exhibited  similar  sigmoidal  dependence  on  AVLma^  pre-  and  post- 
lavage.  A  decrease  in  C\.„  I  relative  to  the  previous  Pa„  setting  i  as 
AVL„1;1<  was  methodically  increased  from  low  to  high  P„  provided  a 
quantitative  method  for  detecting  lung  overdistention.  We  conclude  that 
RIP  offers  a  noninvasive  and  clinically  applicable  method  for  accurately 
estimating  lung  recruitment  during  HFOV.  Consequently.  RIP  allows  the 
detection  of  lung  overdistention  and  selection  of  optimal  HFOV  from 
derived  C,.„  data. 


Physiology  in  Microgravity 

379-384. 


-West  JB.  J  Appl  Physiol  2000  JuLS9i  1 ): 


Studies  of  physiology  in  microgravity  are  remarkably  recent,  with  almost 
all  the  data  being  obtained  in  the  past  40  years.  The  first  human  space- 
flight did  not  take  place  until  1961.  Physiological  measurements  in  con- 
nection with  the  early  flights  were  crude,  but.  in  the  past  10  years,  an 
enormous  amount  of  new  information  has  been  obtained  from  experi- 
ments on  Spacelab.  The  United  States  and  Soviet/Russian  programs  have 
pursued  different  routes.  The  US  has  mainly  concentrated  on  relatively 
short  flights  but  with  highly  sophisticated  equipment  such  as  is  available 
in  Spacelab.  In  contrast,  the  Soviet/Russian  program  concentrated  on  first 
the  Salyut  and  then  the  Mir  space  stations.  These  had  the  advantage  of 
providing  information  about  long-term  exposure  to  micrograx  it) .  but  the 
degree  of  sophistication  of  the  measurements  in  space  was  less.  Il  is 
hoped  that  the  International  Space  Station  will  combine  the  best  ot  both 
approaches.  The  most  important  physiological  changes  caused  by  micro- 
gravity  include  bone  demoralization,  skeletal  muscle  atrophy,  vestibu 
lar  problems  causing  space  motion  sickness,  cardiovascular  problems 
resulting  in  postflight  orthostatic  intolerance,  and  reductions  in  plasma 
volume  and  red  cell  mass.  Pulmonary  function  is  greatly  altered  but 
apparently  not  seriously  impaired.  Space  exploration  is  a  new  frontier 
with  long-term  missions  to  the  moon  and  Mars  not  far  away.  Under- 
Standing  the  physiological  changes  caused  by  long-duration  micrograv  uv 
remains  a  daunting  challenge 

Microgravity  and  the  Lung— Pnsk  GK.  J  Appl  Physiol  2000Jul;89  I 
385-396. 

Although  environmental  physiologists  arc  readily  able  to  alter  many 
aspects  of  the  environment,  it  is  not  possible  to  remove  the  effects  of 
gravity  on  Earth.  During  the  past  decade,  a  scncs  ol  space  flights  were 
conducted  in  which  comprehensive  studies  of  the  lung  in  microgravity 
(weightlessness)  were  performed.  Stroke  volume  increases  on  initial  ex 
posure  to  microgravity  and  then  decreases  as  circulating  blood  volume  is 
reduced.  Diffusing  capacity  increases  markedly,  due  to  increases  in  both 
pulmonar)  capillary  blood  volume  and  membrane  diffusing  capacity, 
hkelv  due  to  more  uniform  pulmonary  perfusion    Both  ventilation  and 
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perfusion  become  more  uniform  throughout  the  lung,  although  much 
residual  inhomogeneity  remains.  Despite  the  improvement  in  the  distri- 
bution of  both  ventilation  and  perfusion,  the  range  of  the  ventilation-to- 
perfusion  ratio  seen  during  a  normal  breath  remains  unaltered,  possibly 
because  of  a  spatial  mismatch  between  ventilation  and  perfusion  on  a 
small  scale.  There  are  unexpected  changes  in  the  mixing  of  gas  in  the 
periphery  of  the  lung,  and  evidence  suggests  that  the  intrinsic  inhomo- 
geneitv  of  the  lung  exists  at  a  scale  of  an  acinus  or  a  few  acini.  In 
addition,  aerosol  deposition  in  the  alveolar  region  is  unexpectedly  high 
compared  with  existing  models. 

Methylene  Blue  Improves  the  Hepatopulmonar)  Syndrome — Schenk 
P,  Mad!  C,  Rezaie-Majd  S.  Lehr  S,  Muller  C.  Ann  Intern  Med  2000  Nov 
7;133(9):701-706. 

BACKGROUND:  The  hypoxemia  of  the  hepatopulmonary  syndrome, 
seen  in  patients  with  severe  chronic  liver  dysfunction,  results  Ironi  wide 
spread  pulmonary  vasodilation.  No  established  drug  therapy  is  available 
for  this  condition.  OBJECTIVE  To  Stud)  the  effect  of  methylene  blue. 
a  potent  inhibitor  of  guanylate  cyclase,  in  patients  with  severe  hepato- 
pulmonary syndrome.  DESIGN:  Open,  uncontrolled  trial  SETTING: 
Medical  intensive  care  unit  at  the  university  hospital  in  Vienna,  Austin 
!'  VI II. NTS:  7  patients  with  advanced  cirrhosis  and  severe  hepatopulmo- 
nary syndrome  with  P,n,  of  60  mm  Hg  or  less  INTERVENTION  In 
sertion  of  a  pulmonary  artery  catheter  and  an  arterial  indwelling  catheter; 
intravenous  adnunisiiation  of  methylene  blue.  3  mg/kg  of  body  weight. 
over  a  15-minute  period.  MEASUREMENTS:  Serial  measurements  ol 
gas  exchange  and  hemodynamic  variables.  RESULTS:  After  methylene 
blue  administration.  !',, ,  increased  mall  patients  (from  a  baseline  mean  * 
SD  of  58  i  2  5  mm  Hg  to  74  ±  1 1 .5  mm  Hg  5  hours  after  infusion;  p  = 
0.006)  and  the  alveola]  arterial  difference  for  partial  pressure  of  oxygen 
<l\, ,      I',,    I  decreased  in  all  patients,  with  a  maximum  el  led  achieved 


after  5  hours  (from  49  ±  3.3  mm  Hg  to  30  ±  10.4  mm  Hg:  p  =  0.003); 
even  after  10  hours.  PAO,  -  Pa0  was  still  significantly  reduced  compared 
with  baseline  (p  =  0.041).  Oxygenation  improved  because  of  reduction 

in  shunt  fraction  (from  41' !    t3.1%to259        1.59    p      I).  Mean 

pulmonary  artery  pressure  increased  ifrom  20  ±  5.2  mm  Hg  to  2  ; 
mm  Hg;  p  =  0.028).  as  did  pulmonary  vascular  resistance  (from  58 
dyne/sec-  cm"5  to  115  ±  56  dyne/sec   cm  5;  p  =  0.012).  Arterial  blood 
pressure  did  not  change  significantly    Cardiac  output  decreased  (from 
10.6  ±  2.2  [-/mm  to  8.6  ±  2.7  L/mim  p  =  0.008)  and  systemic  vascular 
resistance  increased  I  from  527   ±    144  dyne/sec-  cm"5  to  729    !    222 
dyne/sec-  cm*5;  p  =  0.037).  Heart  rate,  central  venous  pressure,  and 
pulmonarv  capillar)   wedge  pressure  remained  unchanged.  CONCLU- 
SION: Intravenous  methylene  blue  improved  hypoxemia  and  hyperdy- 
namic circulation  in  patients  with  liver  cirrhosis  and  severe  hepatopul- 
monary syndrome- 
Development  and  Validation  of  a  Standardized  Measure  of  Activity 
of  Daily  Living  in  Patients  with  Severe  COPD:  The  London  Chest 
Activity  of  Daily  Living  scale  (LCADD— Garrod  R.  Bestall  JC.  Paul 
EA.  Wedzicha  JA,  Jones  P\V   Respir  Med  2000  Jun;94(6):589-596 

Activities  ol  daily   living  (ADL)  may   be  severe')   restricted  in  patients 

with  COPD  and  assessment  requires  evaluation  of  the  impact  ol  disabilit) 
and  handicap  on  daily  life.  This  siudy  is  concerned  with  the  development 
and  validation  of  a  standardized  15-item  questionnaire  to  assess  routine 
ADL.  Sixty  i  }3  male.  27  female)  patients  with  severe  COPD.  mean  1SD1 
FEV,  0.91  (0.43)  L.  median  (range)  age  "II  (50-82)  years,  completed  a 
59-item  ADL  list  previously  generated  by  open-ended  interview  and  by 
literature  review  Patients  also  performed  the  Shuttle  Walk  lesi  isftl 
and  completed  the  St  George's  Respiratory  Questionnaire  (SGRQ),  the 
Nottingham  Extended  Activit)  ol  Dail)  I  iving  Questionnaire  iLADL) 
and  the  Hospital  Vnxiet)  and  Depression  score  (HAD)  Criteria  for  item 
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reduction  in  the  development  of  The  London  Chest  ADL  scale  (LCADLi 
consisted  ol  removal  of  items  where  the  majority  oi  respondents  showed 
no  limitation  in  ihc  activity  (n  19),  where  there  was  no  association  with 
perception  oi  global  health  (n       9),  where  an  association  with  age  01 

gender  was  detected  (n  =  4).  or  where  items  showed  poor  reliability  on 
tesl  re  test  (n  =  9).  Fifteen  items  were  identified  as  core  activities  of 
dail\  living.  The  LCADL  was  then  compared  with  other  measures  ol 
health  status  in  these  patients.  There  were  good  correlations  with  the 
SGRQ  acth  H>  and  impact  components  (r=0.70;  p<0.000! )  and  (r=0.58; 
pSO.OOOl ).  respectively,  and  EADL  (r=0.45;  p<0.(K)l  ],  and  a  moderate 
correlation  with  HAD  anxiety  (r=0.28;  p<0.03).  There  was  a  significant 
relationship  between  the  SWT  and  LCADL  (r=0.58;  p<0.0001),  sug- 
gesting  a  relationship  between  impaired  exercise  performance  and  lower 
ADL  scores.  There  was  evidence  of  high  internal  consistency  of  the 
questionnaire  with  Chronbach's  alpha  of  0  "JS.  These  findings  suggest 
that  the  LCADL  scale  is  a  valid  tool  for  the  assessment  of  ADL  in 
patients  with  severe  COPD. 

Patient-Assessed  Measures  of  Health  Outcome  in  Asthma:  A  Com- 
parison of  Four  Approaches — Garratt  AM.  Hutchinson  A.  Russell  I 
Respir  Med  2000  Jun;94(6):597-606. 

The  studv  compares  the  psychometric  properties  of  four  different  ap- 
proaches to  patient-assessed  health  outcomes  in  asthma,  including  the 
Asthma  Quality  of  Life  Questionnaire  (AQLQ  I.  Newcastle  Asthma  Symp- 
toms Questionnaire  (NASQ),  SF-12  and  EuroQol.  The  instruments  were 
administered  by  means  of  a  self-completed  postal  questionnaire  to  394 
patients  recruited  from  general  practices  in  the  North  East  of  England. 
Patients  completed  a  follow-up  questionnaire  at  6  months.  The  levels  of 
missing  data  were  assessed  and  instrument  scores  compared  using  cor- 
relational analysis.  Scores  were  related  to  self-reports  of  smoking  behav- 
iour, socioeconomic  status  and  health  transition.  Responsiveness  was 
assessed  using  standardized  response  means.  Two  hundred  and  thirty- 
five  patients  took  part  in  the  study  giving  a  response  rate  of  59.6%.  There 
was  a  relatively  large  amount  of  missing  data  for  the  individualized 
section  of  the  AQLQ.  Correlational  analysis  provided  evidence  of  con- 
vergent validity  between  the  specific  instruments:  the  largest  correlation 
was  found  between  NASQ  scores  and  the  asthma  symptoms  scale  of  the 
AQLQ  (r  =  0.84).  The  NASQ  was  found  to  be  the  most  powerful  at 
discriminating  between  smokers  and  non-smokers.  All  four  instruments 
were  linearly  related  to  self-reported  asthma  transition  (p<0.05):  the 
s|vl  itic  instruments  having  the  strongest  association.  The  specific  instru- 
ments showed  good  levels  of  responsiveness  with  the  NASQ  producing 
a  large  SRM  of  0.82.  SRMs  for  the  AQLQ  were  of  a  moderate  to  large 
size  (0.32-0.77)  and  the  SRMs  for  the  SF-12  and  EuroQol  were  of  a  small 
size.  The  two  specific  instruments  are  capable  of  greater  levels  of  dis- 
crimination between  groups  of  patients  and  are  more  responsive  to  changes 
in  health  than  the  generic  SF-12  and  EuroQol.  The  greater  responsiveness 
of  the  NASQ  is  probably  due  to  its  focus  being  restricted  to  symptoms  of 
asthma  compared  to  the  broader  focus  of  the  AQLQ  domains.  The  NASQ 
has  a  strong  relationship  with  the  AQLQ  and  is  a  more  practical  instru- 
ment that  is  more  acceptable  to  patients.  However,  the  AQLQ  does 
measure  broader  patient  concerns.  The  SF-12  and  EuroQol  have  greater 
potential  to  capture  side-effects  and  have  wider  scope  for  application  in 
economic  evaluation. 

Prescribing  Patterns  for  Asthma  by  General  Practitioners  in  Six 
European  Countries — lepson  G.  Butler  T.  Gregory  D.  Jones  K.  Respir 
Med  2t««>  Jun;94(6):578  583 

To  assess  the  level  of  concordance  with  international  consensus  on  asthma 
management,  we  compared  primary  care  prescribing  patterns  tor  asthma 
in  different  European  countries.  A  prospective  studv  of  prescription  items 
with  an  associated  diagnostic  label  of  asthma  in  patient  consultations 
with  a  total  of  235  general  practitioners  iGPsi  from  Belgium.  England. 


Ireland.  Italy.  Northern  Ireland.  Portugal.  Scotland  and  Spain  was  per- 
formed. A  total  of  101.544  consecutive  consultations  were  recorded  in 
autumns  1994  and  1995  of  which  3595  (3.591)  were  for  patients  with 
asthma  and  3243  (3.291  )  were  for  patients  receiving  a  prescription  for 
asthma.  Overall,  asthma  consultations  varied  from  1.89E  in  Italy  to  5.8% 
in  Ireland  (mean  3.4%,  SD  1.6).  Prescribed  inhaled  medications  for  chil- 
dren varied  from  72%  of  the  total  asthma  prescriptions  in  Ireland  and 
Portugal  to  82',  in  Northern  Ireland  (mean  79%,  SD  8.1 )  and  for  adults 
55%  in  Italy  to  85%  in  Spam  (mean  70% .  SD  10).  Inhaled  corticosteroid 
usage  for  adults  varied  from  14%  in  Italy  to  31%  in  Northern  Ireland 
(mean  24%.  SD  6.4).  For  children.  j32-agonist  use  varied  from  24%?  in 
Italy  to  67%  in  Spain  (mean  45%.  SD  13).  Despite  publication  of  inter- 
national guidelines  for  the  management  of  asthma,  inter-country  pre- 
scribing practices  vary  considerably  and  could  be  improved.  The  fre- 
quency of  use  of  asthma  as  a  diagnostic  label  also  varies  markedly. 

Equivalent  Therapeutic  Ratio  of  Salbutamol  Given  by  Turbuhaler 

and  Ihskus — Arvidsson  P.  Mellen  A.  Palmqvist  M,  Lotvall  J.  Respir 
Med  2000  Jun;94(6l:574-577. 

Some  inhalers  have  been  claimed  to  give  better  deposition,  resulting  in 
higher  efficacy.  In  a  previous  study  we  did  not  find  any  evidence  of 
different  potency  of  salbutamol  given  either  via  pMDI  or  Turbuhaler. 
The  aim  of  the  present  study  was  to  compare  the  efficacy  and  safety  of 
salbutamol  given  via  Diskus  or  Turbuhaler.  Twenty  five  asthmatics  with 
step-wise  reversible  airflow  obstruction  (total  reversibility  of  at  least 
15%)  were  included  in  a  randomized,  double-dummy,  placebo-controlled 
cross-over  study.  On  each  study  day.  the  patients  were  given  placebo 
repeatedly,  or  cumulative  doses  of  200.  400.  800.  1600  and  3200  microg 
salbutamol  given  via  either  device  (double-blind,  placebo-controlled). 
Salbutamol  caused  a  dose-related  increase  in  FEV,  when  given  by  Dis- 
kus or  Turbuhaler.  The  improvement  in  FEV,  was  similar  regardless  of 
whether  salbutamol  was  given  via  Diskus  or  Turbuhaler.  at  equivalent 
microgram  doses.  After  a  total  cumulative  dose  of  3200  microg.  mean 
FEV,  for  Diskus  was  2.46  L  (change  from  baseline  of  20.5%  ).  for  Tur- 
buhaler 2.50  L  (change  from  baseline  24.6% )  and  for  placebo  2.11  L  1 3' . 
change  from  baseline).  After  correcting  for  different  baseline  differences, 
the  percentage  difference  between  Diskus  and  Turbuhaler  was  -1.8% 
(p  =  0.2).  Systemic  effects  (potassium  and  heart  rate)  did  not  differ 
between  Diskus  or  Turbuhaler.  We  conclude  that  the  efficacy  of  salbu- 
tamol given  at  equivalent  microgram  doses,  as  well  as  side-effects,  are 
comparable  when  the  drug  is  given  via  Diskus  or  Turbuhaler.  The  present 
data  shows  that  salbutamol  given  by  these  devices  have  similar  thera- 
peutic ratios. 

The  Accuracy  of  Subjective  Sleep  Time  in  Sleep  Apnoea  Record- 
ings—Franklin K.A.  Svanborg  E.  Respir  Med  2000  Jun:94(6):569-573. 

Total  sleep  time  is  important  in  investigations  of  obstructive  sleep  apnoea. 
since  the  diagnosis  is  usually  based  on  the  av  erage  number  of  apnoeas  per 
hour  of  sleep.  Sleep  estimates  instead  of  exact  EEG-recorded  total  sleep 
tunc  is  often  used  in  the  clinical  setting.  However,  an  overestimated  sleep 
time  would  underestimate  the  degree  of  the  disease  and  vice  versa.  The 
purpose  of  this  study  was  to  investigate  the  accuracy  of  subjective  sleep 
time  and  time-in-bed  as  sleep  estimates.  One  hundred  patients  undergo- 
ing diagnostic  polysomnography  for  suspected  obstructive  sleep  apnoea 
were  asked  to  estimate  their  sleep  time  in  a  questionnaire.  Seventy -five 
patients  were  diagnosed  as  suffering  from  obstructive  sleep  apnoea  svn 
drome.  The  mean  difference  between  self-scored  and  EEG-recorded  total 
sleep  time  was  4  *  74  mm.  However.  3091  scored  with  a  difference 
greater  than  1  h.  The  intra-class  correlation  coefficient  was  fair  (0.58,  CI: 
0.43-0.70).  Fifty-three  patients  overestimated  their  sleep  time  and  4" 
patients  underestimated  it.  All  hut  four  patients  underestimated  their 
number  of  awakenings  ip-  0.001).  The  mean  difference  between  time- 
in-bed  and  EEG-recorded  total  sleep  time  was   110  ±  63  min.  This 
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difference  was  significantl)  larger  than  the  difference  between  subjective 
sleep  time  and  I  EG-recordcd  total  sleep  time  (p<0.001).  The  intra-class 
correlation  coefficient  was  pool  (0  18,  CI:  0.20-0.54).  Mean  Aid  was 
27  ±  27  using  subjective  sleep  time  and  did  not  change  significantly 
compared  with  the  mean  AMI  of  2?  '  21  based  on  EEG-recorded  total 
sleep  time.  Mean  AMI  decreased  significantly  to  20  ±  17  (p<0.001) 
when  time  in  bed  was  used  In  conclusion,  lime -m-bed'  lime  is  a  poor 
predictOI  ol  total  sleep  lime  and  should  not  he  used  when  calculating  the 

apnoea  hypopnoea  index.  Subjective  sleep  time  is  better  as  an  approxi- 
mation, hut  the  individual  differences  are  large 

x  Demand  Valve  Device  Decreases  Exhaust  Nitric  Oxide  and  Nitro- 
gen Dioxide  In  Nitric  Oxide  Inhalation  with  a  Nasal  Cannula  in  the 
Human — Sailo  T,  Ninomiya  H.  Ohtsu  I.  Inoue  M,  Uehida  Y.  Hasegawa 
S.  Respir  Med  2000  Jun;94(6):542-548. 


doses  throughout  the  life  of  the  canisters  that  were  reproducible  and 
within  specified  regulator)  requirements.  Each  of  the  products  provided 
an  emitted  dose  which  was  within  ±  2596  of  the  mean  value  indicating 
accurate  and  consistent  dosing  (93,  1 12  and  221  microg  per  metered  dose 
lor  the  salbutamol  100  microg  and  fluticasone  propionate  125  and  250 
microg  III  A  I  Ma  pMDIs.  respectively).  These  findings  were  unaffected 
bj  changing  the  storage  orientation  of  the  pMDI  or  by  using  the  device 
in  a  manner  designed  to  simulate  typical  patient  use.  The  particle  size 
distributions  of  UFA  134a  pMDI  doses  did  not  differ  significantly  from 
those  of  the  corresponding  CFC  pMDIs.  As  a  result  of  the  similar  phar- 
maceutical performance,  it  is  unnecessary  to  change  the  label  claim  dose 
of  active  drug  when  making  the  transition  from  a  CFC  to  an  HFA  134a 
pMDI  for  salbutamol  (Ventolinl  and  fluticasone  propionate  (Flixotide). 
A  seamless  transition  to  non-CFC  pMDIs  will  help  to  maintain  the  con- 
fidence of  patients  and  healthcare  professionals  in  asthma  therapy. 


To  improve  patients'  quality  of  life  and  decrease  pollution  risks  to  med- 
ical personnel,  we  tested  the  usefulness  of  a  nitric  oxide  (NO)  inhalation 
svstcm  consisting  ol  a  nasal  cannula  and  a  demand  valve  in  an  open 
circuit  system.  To  estimate  the  content  of  NO  entering  the  lung  with  the 
open  system,  concentrations  of  NO  and  nitrogen  dioxide  (NO,)  were 
measured  in  a  mechanical  lung  model,  and  then  nitrocylhaemoglohm 
(NO-Hb).  methaemoglobin  (Met-Hb).  and  nitrite  (NO,  )  +  nitrate  (NO,  ) 
concentrations  in  venous  blood  were  measured  in  eight  healthy  subjects. 
Exhaust  NO  and  NO,  in  the  open  system  were  also  observed  in  14 
healthy  subjects.  In  the  lung  model,  NO  concentration  delivered  with  the 
open  system  was  approximately  1/1 1  of  that  in  the  gas  tank.  Increases  in 
Met-Hb  and  NO,  +  NO,  with  the  open  system  showed  that  the  con- 
centration of  delivered  NO  was  approximately  1/9  of  that  in  the  gas  tank. 
The  open  system  reduced  exhaust  NO  to  1/10  in  human  subjects.  These 
data  suggest  that  this  NO  inhalation  system  delivers  sufficient  NO  to 
spontaneously  breathing  patients.  In  addition,  these  findings  indicate  that 
there  is  little  environmental  toxicity  associated  with  the  open  circuit 
system. 

Asthma  on  the  Job:  Work-Related  Factors  in  New-Onset  Asthma 
and  in  Exacerbations  of  Pre-Existing  Asthma — Toren  K.  Brisman  J. 
Olin  AC.  Blanc  PD.  Respir  Med  2000  Iun;94(6):529-535. 

Occupational  asthma  (OAl  can  be  defined  as  variable  airways  narrowing 
causally  related  to  exposure  in  the  working  environment  to  airborne 
dusts,  gases,  vapours  or  fumes.  There  are  many  agents  in  the  work-place 
that  can  induce  asthma  or  cause  substantial  deterioration  in  pre-existing 
asthma.  It  has  been  estimated  that  5-159!  of  adult-onset  asthma  can  be 
attributed  to  occupational  exposures.  Hence  adull  patients,  especially 
those  with  new -onset  asthma,  must  he  investigated  with  regard  to  occu- 
pational risk  factors  for  disease.  The  prognosis  for  OA  is  improved  if  the 
causal  exposure  is  controlled  either  by  controlling  the  exposure  at  the 
workplace  or  by  moving  the  patient  out  of  the  workplace. 

Pharmaceutical  Transition  to  Non-CFC  Pressurized  Metered  Dose 
Inhalers  -Cripps  A.  Riebe  M.  Schulze  M.  Woodhouse  R.  Respir  Med 
;iiiin  Jun;94  Suppl  B:S3-S9. 

The  production  ol  o/onc-dcplcting  chlorofluorocarbons  iCFCsi  was  dis 
continued  on  I  January  I'Wd  for  all  uses  deemed  non-essential  under  the 
Montreal  Protocol.  However,  the  use  of  CFCs  as  propellants  in  pressui 
ized  metered  dose  inhalers  (pMDIs)  was  classed  as  essential,  providing 
an  exemption  from  the  agreement.  Following  extensive  research,  the 
hydrofluoroalkanes  (HFA)  134a  and  227  were  identified  as  the  only 
suitable  replacements  foi  CFC  propellants  in  pMDIs.  The  drug  delivery 

ol   pMDIs  loniHilaled  with   HI  A    134a  as  a  piopcllant  and  containing 

eithei  salbutamol  iioo  microg  per  actuation)  or  fluticasone  propionate 

1 125  and  250  microg  per  actuation)  have  been  assessed  for  dose  unifoi 
nntv  and  particle  si/e  distribution.  All  ol  the  111  A  134a  pMDK  delivered 


Effect  of  Gravity  on  Aerosol  Dispersion  and  Deposition  in  the  Hu- 
man Eung  after  Periods  of  Breath  Holding — Darquenne  C.  Paiva  M. 
Prisk  GK.  J  Appl  Physiol  2000  Nov;89(5):  1787-1792. 

To  determine  the  extent  of  the  role  that  gravity  plays  in  dispersion  and 
deposition  during  breath  holds,  we  performed  aerosol  bolus  inhalations 
of  l-fi-diameter  particles  followed  by  breath  holds  of  various  lengths  on 
four  subjects  on  the  ground  ( IG)  and  during  short  periods  of  microgravitj 
(u.G).  Boluses  of  approximately  70  mL  were  inhaled  to  penetration  vol- 
umes (Vp|  of  150  and  500  mL.  at  a  constant  flow  rate  of  approximately 
0.45  L/s.  Aerosol  concentration  and  flow  rate  were  continuously  mea- 
sured at  the  mouth.  Aerosol  deposition  and  dispersion  were  calculated 
from  these  data.  Deposition  was  independent  of  breath-hold  time  at  both 
Vp  in  ^.G.  whereas,  in  IG.  deposition  increased  with  increasing  breath 
hold  time.  At  Vp  =  150  mL.  dispersion  was  similar  at  both  gravity  levels 
and  increased  with  breath  hold  time.  At  Vp  =  500  mL.  dispersion  in  IG 
was  always  significantly  higher  than  in  u.G.  The  data  provide  direct 
evidence  that  gravitational  sedimentation  is  the  main  mechanism  of  dep- 
osition and  dispersion  during  breath  holds.  The  data  also  suggest  that 
cardiogenic  mixing  and  turbulent  mixing  contribute  to  deposition  and 
dispersion  at  shallow  V 

simplified  Rat  Intubation  Using  a  New  Oropharyngeal  Intubation 
Hedge— Jou  IM.  Tsai  YT.  Tsai  CL.  Wu  MH.  Chang  HY.  Wang  NS. 
J  Appl  Physiol  2000  Nov;89(5):  1766-1770. 

Our  new  oropharyngeal  intubation  wedge  made  from  a  plastic  3-mL 
syringe  has  been  used  successfully  for  the  expansion  of  the  oropharyn- 
geal cavity  and  visualization  of  vocal  cords  for  endotracheal  intubation  in 
the  rat.  All  the  animals  we  used  tolerated  the  intubation  and  ventilation 
procedures  in  a  series  of  experiments.  After  the  proper  setting  of  the 
respirator,  vital  signs  were  maintained  within  normal  range.  The  post- 
mortem examination  and  measurements  in  the  upper  airway  confirmed 
that  the  endotracheal  tube  was  properly  sited  and  also  demonstrated  the 
precise  size  of  the  device  that  should  be  used.  The  main  advantages  of 
this  method  include  low  cost,  simplicity,  and  reliability.  Furthermore, 
because  no  expensive,  elaborate,  dillieult-to-operate.  or  hard-to-get  spe- 
cial equipment  is  needed,  this  technique  can  he  used  in  everv  laboratory. 

\  Human  Acinar  Structure  for  Simulation  of  Realistic  Alveolar  Pla- 
teau Slopes  — Dutrieue  B,  Vanholsbeeck  I  .  Verbanck  S,  Paiva  M.  .1  Appl 
Physiol  :i«io  Nov,89(5):1859-1867. 

We  simulated  (he  intra-acinar  contribution  to  phase  III  slope  iS i  foi 

gases  of  differing  ditfusiv  ities  (He  and  SF„)  by  solving  equations  of 
diffusive  and  COnvective  gas  transport  in  multi-hranch-point  models 
iMBPMi  ol  the  human  acinus    We  Inst  conducted  a  sensitivity  study  of 

s    n  to  asymmetry  mk\  its  variability  in  successive  generations.  sit„, 

increases  were  greatest  when  asymmetry  and  variability  ol  asymmetry 
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were  increased  at  the  level  of  the  respirator]  bronchioles  (generations 
17-18)  for  He  and  at  the  level  ol  the  alveolai  ducts  (generations  20  21 1 
foi  si ,.  corresponding  to  the  location  of  their  respective  diffusion  fronts 
On  the  basis  ol  this  sensitivity  stud)  and  in  keeping  with  reported  acinar 
morphometry,  we  built  a  MBPM  that  actually  reproduced  experimental 
Siim  values  obtained  m  normal  subjects  for  He.  N,.  and  SF,,.  Ten  variants 
ol  such  a  MBPM  «ere  constructed  to  estimate  intrinsic  s,,,,  variability 
owing  i"  peripheral  lung  structure.  The  realistic  simulation  ol  SKln  in  the 
normal  lung  and  the  understanding  of  how  asymmetrj  affects  S,im  for 

different  diffusivitj  eases  nuke  s a  powerful  tool  to  detect  structural 

alterations  at  different  depths  in  the  lung  periphery. 

Size  Distribution  of  Recruited  Alveolar  Volumes  in  Airway  Reopen- 
ing—SukJ  B.  Alencai  Wl.  rolnai  J.  Asztalos  T,  Petak  F.  Sujeer  MK.  et 
al.  J  Appl  Physiol  2000  Nov;89(5):2030-2040. 

In  I  I  isolated  dog  lung  lobes,  we  studied  the  si/e  distribution  of  recruited 
alveolar  volumes  that  become  available  for  gas  exchange  during  inflation 
from  the  collapsed  state.  Three  catheters  were  wedged  into  2-mm-diam- 
eter  airways  at  total  lung  capacity.  Small-amplitude  pseudorandom  pres- 
sure oscillations  between  1  and  47  Hz  were  led  into  the  catheters,  and  the 
input  impedances  of  the  regions  subtended  by  the  catheters  were  contin- 
uously recorded  using  a  wave  tube  technique  during  inflation  from  -5  cm 
H,0  transpulmonary  pressure  to  total  lung  capacity.  The  impedance  data 
were  In  with  a  model  to  obtain  regional  tissue  elastance  (Etil  as  a  func- 
tion of  inflation.  Fust.  Fti  was  high  and  decreased  in  discrete  jumps  as 
more  groups  of  alveoli  were  recruited.  By  assuming  that  the  number  of 
opened  alveoli  is  inversely  proportional  to  Eti,  we  calculated  from  the 
jumps  in  Eti  the  distribution  of  the  discrete  increments  in  the  number  of 
opened  alveoli.  This  distribution  was  in  good  agreement  with  model 
simulations  in  which  airways  open  in  cascade  or  avalanches.  Implications 
lor  mechanical  ventilation  may  be  found  in  these  results. 

Effect  of  Expiratory  Resistive  Loading  on  the  Noninvasive  Tension- 
Time  Index  in  COPD— Thompson  WH.  Carvalho  P.  Souza  JP.  Charan 
NB.  J  Appl  Physiol  2000  Nov;89(5):2007-2014. 

Expiratory  resistive  loading  (FRLi  is  used  by  chronic  obstructive  pul- 
monary disease  (COPD I  patients  to  improve  respiratory  function.  We. 
therefore,  used  a  noninvasive  tension-time  index  of  the  inspiratory  mus- 
cles (TTmus  =  I/PIm„  x  TI/TT.  where  I  is  mean  inspiratory  pressure 
estimated  from  the  mouth  occlusion  pressure,  PI„, „  is  maximal  inspira- 
tuiv  pressure,  TI  is  inspiratory  time,  and  TT  is  total  respiratory  cycle 
time)  to  better  define  the  effect  of  ERL  on  COPD  patients.  To  accomplish 
this,  we  measured  airway  pressures,  mouth  occlusion  pressure,  respira- 
tory  cycle  flow  rates,  and  functional  residual  capacity  (FRCl  in  14  COPD 
patients  and  10  normal  subjects  with  and  without  the  application  of  ERL. 
TT„„„  was  then  calculated  and  found  to  drop  in  both  COPD  and  normal 
subjects  (p  <  0.05).  The  decline  in  TTmus  in  both  groups  resulted  solely 
from  a  prolongation  ol  expiratorj  time  with  ERL  (p  <  0.001  for  COPD, 
p  <  0.05  for  normal  subjects  i.  In  contrast  to  the  COPD  patients,  normal 
subjects  had  an  elevation  in  I  and  FRC.  thus  minimizing  the  decline  in 
TTmul.  In  conclusion.  FRL  reduces  the  potential  for  inspirator]  muscle 
fatigue  in  COPD  b]  reducing  TI/TT  without  affecting  FRC  and  1. 

Association  between  Cigarette  Smoking  and  Anxiety  Disorders  dur- 
ing Adolescence  and  Earl]  Adulthood— Johnson  JG.  Cohen  P.  Pine 
DS.  Klein  Dl  .  Kasen  S,  Brook  .IS.  JAMA  2000  Nov  8;284(18):2348- 
2351. 

CONTEXT:  Cigarette  smoking  is  associated  with  some  anxiety  disor- 
ders, but  the  direction  of  the  association  between  smoking  and  specific 
anxiet]  disorders  has  not  been  determined.  OBJECTIVE:  To  investigate 
the  longitudinal  association  between  cigarette  smoking  and  anxiet]  dis 
orders  among  adolescents  and  voting  adults.  DESIGN:  The  Children  in 


the  Community  Study,  a  prospective  longitudinal  investigation  SET- 
TING AND  PARTICIPANTS:  Communit)  based  sample  ol  688  youths 
ol',  female)  from  upstate  New  York  interviewed  in  the  years  1985- 
1986,  at  a  mean  age  ol  16  years,  and  in  the  years  1991-1993,  at  a  mean 
age  .if  22  years  MAIN  OUTCOME  MEASURE:  Participant  cigarette 
smoking  and  psychiatric  disorders  in  adolescence  and  early  adulthood, 
measured  by  age-appropriate  versions  ol  the  Diagnostic  Interview  Sched- 
ule lor  Children  RI.SU  IS  Heavy  cigaiette  smoking  (2  20  cigarettes/di 
during  adolescence  was  associated  with  higher  risk  ol  agoraphobia  (10.39 
\s  IS',,  odds  ratio  |OR],  6.79:  959!  confidence  interval  [CI],  1.53- 
30.17),  generalized  anxietj  disorder  (20.59!  vs  3.7r%;  OR.  5.53:  9596 
CI.  1.84-16.66),  and  panic  disorder  (7.79!  vs  0.6%;  OR.  15.58;  95'.  CI, 
2.31-105.14)  during  earl]  adulthood  alter  controlling  for  age.  sex.  diffi- 
cult childhood  temperament;  alcohol  and  drug  use.  anxiety,  and  depres- 
sive disorders  during  adolescence:  and  parental  smoking,  educational 
level,  and  psychopathology.  Anxiety  disorders  during  adolescence  were 
not  significant!}  associated  with  chronic  cigarette  smoking  during  early 
adulthood.  Fourteen  percent  and  I59r  of  participants  with  and  without 
anxiety  during  adolescence,  respectively,  smoked  at  least  20  cigarettes 
per  day  during  early  adulthood  (OR.  0.88:  95%  CI.  0.36-2.14).  CON- 
CLUSION: Our  results  suggest  that  cigarette  smoking  may  increase  risk 
of  certain  anxiety  disorders  during  late  adolescence  and  early  adulthood. 


Treatment  of  Acute  Hypoxemic  Nonhypercapnic  Respiratory  Insuf- 
ficiency with  Continuous  Positive  Airway  Pressure  Delivered  by  a 
Face  Mask:  A  Randomized  Controlled  Trial — Delclaux  C.  L'Her  E. 
Alberti  C.  Mancebo  J.  Abroug  F.  Conti  G.  et  al.  JAMA  2000  Nov 
8;284(18):2352-2360. 

CONTEXT:  Continuous  positive  airway  pressure  (CPAP)  is  widely  used 
in  the  belief  that  it  may  reduce  the  need  for  intubation  and  mechanical 
ventilation  in  patients  with  acute  hypoxemic  respiratory  insufficiency. 
OBJECTIVE:  To  compare  the  physiologic  effects  and  the  clinical  effi- 
cacy of  CPAP  vs  standard  oxygen  therapy  in  patients  with  acute  hypox- 
emic, nonhypercapnic  respiratory  insufficiency.  DESIGN.  SETTING. 
AND  PATIENTS:  Randomized,  concealed,  and  unblinded  trial  of  123 
consecutive  adult  patients  who  were  admitted  to  6  intensive  care  units 
between  September  1997  and  January  1999  with  a  Pa0,/FIO,  ratio  of  300 
mm  Hg  or  less  due  to  bilateral  pulmonary  edema  (n  =  102  with  acute- 
lung  injury  and  n  =  21  with  cardiac  diseasei  INTERVENTIONS:  Pa- 
tients were  randomly  assigned  to  receive  oxygen  therapy  alone  (n  =  61 ) 
or  oxygen  therapy  plus  CPAP  (n  =  62).  MAIN  OUTCOME  MEA- 
SURES: Improvement  in  P.1(,,/F|„,  ratio,  rate  of  endotracheal  intubation 
at  any  time  during  the  study,  adverse  events,  length  of  hospital  stay, 
mortality,  and  duration  of  ventilatory  assistance,  compared  between  the 
CPAP  and  standard  treatment  groups.  RESULTS:  Among  the  CPAP  vs 
standard  therapy  groups,  respectively,  causes  ol  respiratory  failure  (pneu- 
monia. 5495  and  55%),  presence  of  cardiac  disease  (3391  and  3591  I, 
severity  at  admission,  and  hypoxemia  (median  [5th-95th  percentile!  P  „ ,  . 
F,(),  ratio.  140  [59-288]  mm  Hg  vs  148  [62-283]  mm  Hg;  p  =0.43)  were 
similarly  distributed.  After  1  hour  of  treatment,  subjective  responses  to 
treatment  (p<0.00h  and  median  (5th-95th  percentile)  P.a./F,,,  ratios 
were  greater  with  CPAP  (203  |45-431]  mm  Hg  vs  151  [73-482]  mm  Hg; 
p  =0.02).  No  further  difference  in  respiratory  indices  was  observed 
between  the  groups.  Treatment  with  CPAP  failed  to  reduce  the  endotra- 
cheal intubation  rate  (21  [34%]  vs  24  [39%]  in  the  standard  therapy 
group,  p  =0.53),  hospital  mortality  i  19  [319!  |  vs  IS  [30%];  p  =0.89),  oi 
median  (5th-95th  percentile  l  intensive  cue  unit  length  ol  staj  (6  5  1 1 -57] 
days  vs  6.0  [1-36]  days:  p  =0.43).  A  higher  number  ol  adverse  events 
occurred  with  CPAP  treatment  (18  vs  6;  p  =0.01).  CONCLUSION:  In 
this  study,  despite  early  physiologic  improvement,  CPAP  neither  reduced 
the  need  for  intubation  nor  improved  outcomes  in  patients  with  acute 
hypoxemic,  nonhypercapnic  respirator]  insufficiency  primarily  due  to 
acute  lung  injury. 
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Abstracts 


Association  of  Noninvasive  \  cntilatinn  with  Nosocomial  Infections 
anil  Survival  in  Critically  III  Patients— Guou  I-;,  Schortgcn  F,  Delclaux 
C.  Brun-Buisson  C,  Biol  F,  Lefort  Y,  et  al.  JAMA  2000  Nov  8;284(18): 
2361  2367. 

CONTI  \  I  linasive  life-support  techniques  are  a  major  risk  factor  for 
nosocomial  infection.  Noninvasive  ventilation  (NlV)ean  be  used  to  avoid 
endotracheal  intubation  ami  maj  reduce  morbidity  among  patients  in 
intensive  care  units  (ICUs).  OBJECTIVE:  To  determine  whether  the  use 
of  NIV  is  associated  with  decreased  risk  of  nosocomial  infections  and 
improved  sun  ival  in  everydaj  clinical  practice  among  patients  with  acute 
exacerbation  of  chronic  obstructive  pulmonary  disease  (COPD)  or  hy- 
percapnic  cardiogenic  pulmonary  edema  (CPE).  DESIGN  AND  SET- 
TING: Matched  case-control  stud}  conducted  in  the  medical  1CU  of  a 
French  university  hospital  from  January  1996  through  March  1998.  PA- 
TIENTS: Fifty  patients  with  acute  exacerbation  of  COPD  or  severe  CPE 
who  were  treated  with  NIV  for  at  least  2  hours  and  50  patients  treated 
with  mechanical  ventilation  between  1993  and  1998  (controls),  matched 
on  diagnosis.  Simplified  Acute  Physiology  Score  II.  Logistic  Organ  Dys- 
function score,  age.  and  no  contraindication  to  NIV.  MAIN  OUTCOME 
MEASURES:  Rates  of  nosocomial  infections,  antibiotic  use.  lengths  of 
ventilatory  support  and  of  ICU  stay,  ICU  mortality,  compared  between 
cases  and  controls.  RESULTS:  Rates  of  nosocomial  infections  and  of 
nosocomial  pneumonia  were  significantly  lower  in  patients  who  received 
NIV  than  those  treated  with  mechanical  ventilation  (18%  vs  609c  and  8<7r 
vs  22%;  p<0.001  and  p  =0.04,  respectively).  Similarly,  the  daily  risk  of 
acquiring  an  infection  ( 19  vs  39  episodes  per  1000  patient-days;  p  =0.05). 
proportion  of  patients  receiving  antibiotics  for  nosocomial  infection  (8% 
vs  26%;  p  =0.01 ).  mean  (SD)  duration  of  ventilation  (6  [6]  vs  10  [12] 
days;  p  =0.01).  mean  (SD)  length  of  ICU  stay  (9  [7]  vs  15  [14]  days;  p 
=0.02).  and  crude  mortality  (4%  vs  26"7c:  p  =0.002)  were  all  lower 
among  patients  who  received  NIV  than  those  treated  with  mechanical 
ventilation.  CONCLUSIONS:  Use  of  NIV  instead  of  mechanical  venti- 
lation is  associated  with  a  lower  risk  of  nosocomial  infections,  less  an- 
tibiotic use.  shorter  length  of  ICU  stay,  and  lower  mortality. 

HIV  Seroprevalence  by  Anonymous  Testing  in  Patients  with  Myco- 
bacterium Tuberculosis  and  in  Tuberculosis  Contacts — Bowen  EF. 
Rice  PS,  Cooke  NT.  Whitfield  RJ.  Rayner  CF.  Lancet  2000  Oct  28; 
356(92401:1488-1489. 

Having  witnessed  a  large  increase  in  Mycobacterium  tuberculosis  noti- 
fications in  south  London,  we  wanted  to  ascertain  the  prevalence  of  HIV 
and  tuberculosis  co-infection  in  our  patients.  All  patients  with  tubercu- 
losis and  their  contacts  were  anonymously  tested  for  HIV  in  blood  and 
saliva,  respectively .  I  I  A'  i  of  patients  (from  various  demographic  groups) 
with  tuberculosis  who  attend  chest  clinics  in  south  London  are  HIV 
positive.  In  addition.  5'i  of  individuals  seen  in  the  tuberculosis  contact 
screening  clinics  and  4'r  new  entrants  are  HIV  positive.  All  patients  with 
Mycobacterium  tuberculosis,  irrespective  of  background,  should  he  urged 
to  have  an  HIV  test 

Sputum  Eosinophilia  and  Short-Term  Response  to  Prednisolone  in 
Chronic  Obstructive  Pulmonary  Disease:  A  Randomised  Controlled 

Trial— Brightling  CE.  Monteiro  W.  Ward  R.  Parker  D.  Morgan  MD, 
Wardlaw  AJ.  Pavord  ID.  Lancet  2000  Oct  28:356(9240):  1480-1485. 


period  Before  and  after  each  treatment  period,  we  assessed  patients  with 
spirometry,  symptom  scores,  the  chronic  respiratory  disease  question- 
naire (CRQ),  incremental  shuttle  walk  test,  and  induced  sputum.  Analysis 
was  done  by  intention  to  treat  FINDINGS:  83  patients  were  recruited,  of 
whom  67  were  randomised.  The  geometric  mean  sputum  eosinophil  count 
fell  significantly  after  prednisolone  (from  2.49  to  0.4'*  :  mean  difference 
six-fold  [95%  CI  3.1-11.4])  hut  not  after  placebo.  Other  sputum  cell 
counts  did  not  change.  After  stratification  into  tertiles  by  baseline  eosin- 
ophil count,  postbronchodilator  forced  expiratory  volume  in  I  s  (FEV,) 
and  total  scores  on  the  CRQ  improved  progressively  after  prednisolone 
from  the  lowest  to  the  highest  eosinophilic  tertile.  compared  with  pla- 
cebo. The  mean  change  in  postbronchodilator  FEV,.  total  CRQ  score, 
and  shuttle  walk  distance  with  prednisolone  compared  with  placebo  in 
the  highest  tertile  was  0.19  L  (0.06-0.32).  0.62  (0.31-0.93).  and  20  m 
(5-35),  respectively.  INTERPRETATION:  Our  findings  suggest  thai  eo- 
sinophilic airway  inflammation  contributes  to  airflow  obstruction  and 
symptoms  in  some  patients  with  COPD  and  that  the  short-term  effects  of 
prednisolone  are  due  to  modification  of  this  feature  of  the  inflammatory 
response.  The  possibility  that  sputum  eosinophilia  identifies  a  subgroup 
of  patients  who  particularly  respond  to  long-term  treatment  with  inhaled 
corticosteroids  should  be  investigated. 

Inhaled  Nitric  Oxide  and  Prevention  of  Pulmonary  Hypertension 
after  Congenital  Heart  Surgery :  A  Randomised  Double-Blind  Study  — 
Miller  OI.  Tang  SF,  Keech  A,  Pigott  NB,  Beller  E.  Celermajer  DS. 
Lancet  2000  Oct  28:356(9240):  1464-1464 

BACKGROUND:  Pulmonary  hypertensive  crises  (PHTC)  are  a  major 
cause  of  morbidity  and  mortality  after  congenital  heart  surgery .  Inhaled 
nitric  oxide  is  frequently  used  as  rescue  therapy.  We  did  a  randomised 
double-blind  study  to  investigate  the  role  of  routinely  administered  in- 
haled nitric  oxide  to  prevent  pulmonary  hypertension  in  infants  at  high 
risk.  METHODS:  We  enrolled  124  infants  (64  male.  60  female:  median 
age  3  months  [IQR  1-5]).  76Tr  with  large  ventricular  or  atrioventricular 
septal  defects,  who  had  high  pulmonary  flow .  pressure,  or  both,  and  were 
undergoing  corrective  surgery  for  congenital  heart  disease.  They  were 
randomly  assigned  continuous  low-dose  inhaled  nitric  oxide  (n=63)  or 
placebo  (n  =  61 )  from  surgery  until  just  before  extubation.  We  measured 
the  numbers  of  PHTC.  time  on  study  gas.  and  hours  spent  in  intensive 
care.  Analysis  was  done  by  intention  to  treat.  FINDINGS:  Compared 
with  placebo,  infants  receiving  inhaled  nitric  oxide  had  fewer  PHTC 
(median  four  [IQR  0-12]  vs  seven  [1-19];  relative  risk,  unadjusted  0.66. 
p<0.001.  adjusted  for  dispersion  0.65.  p  =  0.045)  and  shorter  times  until 
criteria  for  extubation  were  met  (80  [38- 1 2 1  ]  vs  1 1 2  h  [63-164],  p=0.019). 
Time  taken  to  wean  infants  off  study  gas  was  35' <  longer  in  the  nitric- 
oxide  group  than  in  the  placebo  group  (p=0. 19).  but  the  total  time  on  the 
study  gas  was  still  30  h  shorter  for  the  nitric  oxide  group  (87  [43-125]  \s 
I  17  h  [67-168],  p=0.023).  No  important  toxic  effects  arose.  INTERPRE- 
TATION: In  infants  at  high  risk  of  pulmonary  hypertension,  routine  use 
of  inhaled  nitric  oxide  after  congenital  heart  surgery  can  lessen  the  risk 
of  pulmonary  hypertensive  crises  and  shorten  the  postoperative  course, 
with  no  toxic  effects. 

Fine  Particulate  Air  Pollution  and  Mortality  in  20  U.S.  Cities,  19X7- 
1994  Samet  JM.  Dominici  F.  Curnero  FC,  Coursac  I.  Zeger  SL.  N  Engl 
J  Med  2000  Dec  14:343(24):  1742-1749. 


BACKGROUND:  Some  patients  with  chronic  obstructive  pulmonary 
disease  (COI'l)i  respond  to  corticosteroid  therapy.  Whether  these  pa- 
tients  have  different  airwaj  pathology  from  other  COPD  patients  is  un- 
clear We  tested  the  hypothesis  thai  response  to  prednisolone  is  related  to 
the  presence  of  eosinophilic  airway  inflammation.  METHODS:  We  did  a 
landomised,  double-blind,  crossover  trial.  Patients  who  had  COPD  treated 
with  bronchodilators  only  were  assigned  placebo  and  30  mg  prednisolone 
dailj  for  2  weeks  each,  in  a  random  order,  separated  by  a  4-week  w  ashout 


BACKGROUND:  Air  pollution  in  cities  has  been  linked  to  increased 
rates  of  mortality  and  morbidity  in  developed  and  developing  countries. 
Although  these  findings  have  helped  lead  to  a  lightening  of  air-quality 
standards,  their  validity  with  respect  to  public  health  has  been  questioned 
METHODS:  We  assessed  the  effects  of  live  major  outdoor-air  pollutants 
on  daily  mortality  rates  in  20  of  the  largest  cities  and  metropolitan  areas 
in  the  United  States  from  I1>S7  to  1994.  The  pollutants  were  particulate 
matter  that   is  less  than    1(1  microm  in  aerodynamic  diameter  |PM,„I. 
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Ausiku  is 


ozone,  carbon  monoxide,  sulfui  dioxide  uid  nitrogen  dioxide  We  used 

.1  two  stage  analytit  approach  thai  pooled  data  I mltiple  locations 

Ki  si  i  is  \iici  taking  into  accounl  potential  confounding  in  othei 
pollutants,  we  found  consistent  evidence  that  the  level  ol  I'M,,,  is  asso 
>  iated  w  nil  the  rate  ol  death  from  .ill  causes  and  from  cardiovasculai  and 
respirator)  illnesses  I  Ik-  estimated  increase  in  the  relative  rate  ol  death 
from  .ill  causes  was  0.51  perceni  (95  percent  posterioi  interval,  0.07  to 
0.93  percent)  foi  each  in<  rease  in  the  I'M,,  level  ol  i<>  microg  pei  cubic 
meter  die  estimated  increase  in  the  relative  rate  ol  death  from  cardio 
vasculai  and  respirator)  causes  was  0.68  perceni  (95  perceni  posterioi 
interval,  0.20  to  1  16  percent)  for  each  increase  in  the  PMt0  level  ol  10 
per  cubic  metei  ["here  was  weakei  evidence  thai  increases  in 
ozone  levels  increased  the  relative  rates  ol  death  during  the  summer, 
when  ozone  levels  are  highest,  hut  not  during  the  wintei  1  evels  ol  the 
othei  pollutants  were  nol  significantl)  related  to  ihc  mortality  rate.  CON- 
Cl  i  SIONS:  rhere  is  consistent  evidence  that  the  levels  ol  fine  panic 
ulate  mattei  in  the  ail  are  associated  with  the  risk  ol  death  from  all  causes 
and  from  cardiovascular  and  respirator)  illnesses  rhese  findings 
strengthen  the  rationale  for  controlling  the  levels  ol  respirable  panicles  in 
outdoor  air. 

Association  of  the  California  Tobacco  Control  Program  with  De- 
clines in  Cigarette  Consumption  and  Mortality  from  Heart  Disease 
Fichtenberg  CM,  Glantz  SA.  N  Engl  J  Med  2000  Dec  14;343(24):1772- 

1777. 

BA(  KGROl  ND  The  California  Tobacco  Control  Program,  a  large, 
aggressive  antitobacco  program  implemented  in  1989  and  funded  by  a 

voter-enacted  cigarette  surtax,  accelerated  the  decline  in  cigarette  con- 
sumption and  in  the  prevalence  of  smoking  in  California.  Since  the 
excess  risk  of  heart  disease  falls  rapidl)  alter  the  cessation  of  smoking. 
we  tested  the  hypothesis  that  this  program  was  associated  with  lower 
rates  of  death  from  heart  disease.  METHODS:  Data  on  per  capita  ciga- 
rette consumption  and  age-adjusted  rates  of  death  from  heart  disease  in 
California  and  the  United  States  from  1980  to  1997  were  fitted  in  mul- 
tiple regression  analyses.  The  regression  analyses  included  the  rates  in 
the  rest  of  the  United  States  and  variables  that  allowed  for  changes  in  the 
rates  alter  Diss,  when  the  tobacco-control  program  was  approved,  and 
after  1992.  when  the  program  was  cut  back.  RESULTS:  Between  1989 
and  1992,  the  rales  of  decline  in  per  capita  cigarette  consumption  and 
mortality  from  heart  disease  in  California,  relative  to  the  rest  ol  the 
I  nited  States,  were  significantly  greater  than  the  pre-1989  rates,  by  2.72 
packs  per  year  per  sear  (p=0.001l  and  In  2.93  deaths  pel  year  per 
100,000  population  per  >ear  (p<0.(X)h.  These  rates  of  decline  were 
reduced  ihy  2  05  packs  per  year  per  year  [p=0.04],  and  by  1.71  deaths 
per  year  per  100,000  population  per  year  |p=0.03|)  when  the  program 
was  cut  back,  beginning  in  1992.  Despite  these  problems,  the  program 
was  associated  with  33,300  fewer  deaths  from  heart  disease  between 
I9N9  and  1997  than  the  number  that  would  have  been  expected  if  the 
earlier  [rend  in  mortalit)  from  heart  disease  in  California  relative  to  the 
rest  of  the  I  Inited  States  had  continued  The  diminished  effectiveness  ol 
the  program  alter  1992  was  associated  with  8300  more  deaths  than  would 
have  been  expected  had  its  initial  effectiveness  been  maintained  I  ON 
ill  sions  \  large  and  aggressive  tobacco-control  program  is  associ 
ated  with  a  reduction  in  deaths  from  heart  disease  in  the  short  run. 

Dying  Patients  in  the  Intensive  Care  I  nit:  Forgoing  Treatment,  Main- 
taining Care — Faber-Langendoen  K.  Lanken  PN.  Ann  Intern  Med  2000 
Dec  5;133(1 1):886-893. 

End-ol  hie  care  ol  patients  in  the  intensive  care  unit  i  K'L  i  often  requires 
dramatic  shifts  in  attitudes  and  interventions,  from  traditional  intensive 
rescue  care  to  intensive  palliative  care.  The  care  ol  patients  dying  in  K  I  s 
raises  both  clinical  and  ethical  difficulties    Because  levvei  K'l    patients 

are  able  to  make  decisions  about  withdrawing  treatment,  careful  attention 


uuisi  be  paid  to  previousl)  express  input 

i  ultural  and  spiritual  values  of  patient  andfamilii    may  differ  marl 
from  those  ol  i  linicians    \itii  are  uric. 

able  to  predict  mortalit)  rates  foi  groups  ol  ICI  patients,  then 

ling  specific  decisions  to  forgo  treatmenl  has  nol  been  established 

When  a  decision  to  forgo  treatmenl  is  made,  the  locus  should  be  on 
spec  living  the  patientfs  I   SCSSing  all  treatments  in  hghl 

ol  these  goals,  interventions  thai  do  nol  ontribute  to  the  patientfs  goals 
should  be  discontinued  S  rig  withdrawal  ol  lifesup- 

m  almost  always  be  controlled   mill  appropriate  palliative  mea 

sures  Alter  ICU  interventions  are  forgone  patient  comfort  musi  be  the 

paramount  objective  Vt  bethel  in  the  l(  I  or  elsewhere,  hospitals  have  an 
ethical  obligation  to  provide  sellings  that  oiler  dignified,  compassionate, 
and  skilled  care 

Outcomes  and  Cost-EffectiveneSS  Ol  \  cntilator  Support  and  Aggres- 
sive (are  for  Palients  with  \eule  Respiratory  Failure  due  to  Pneu- 
monia Or  Vcute  Respirator)  Distress  Syndrome  Hamel  MB,  Phillips 
RS.  Davis  KB.  I  euo  J,  Connors  \i .  Desbiens  N,  el  al  \m  I  Med  2000 
Dec  1;109(8):61  I  620 

Pl'RPOSE    Many  patients  with  acute  respirator)  failure  die  despite  pro- 
longed and  costly    treatment.  Our  objective  was  to  estimate  the  cost 
effectiveness  ol  providing  rathei  than  withholding  mechanical  ventilation 
and  intensive  care  for  patients  with  acute  respirator)  failure  due  to  pneu 
monia  or  acute  respiratory  distress  syndrome.  SUBJECTS  AND  Ml  III 
ODS:  We  studied  1.005  patients  enrolled  in  a  live-center  stud)  ol  sen 
ously  ill  patients  (the  Stud)  to  I  nderstand  Prognoses  and  Preferences  lor 
Outcomes  and  Risks  ol  Treatments  |SUPPORT|l  with  acute  respirator) 
failure  (pneumonia  or  acute  respiratorv  distress  syndrome  and  an  Acute 
Physiology  Score  -I0i  who  required  ventilator  support.  We  estimated 
life  expectancy  based  on  long-term  follow-up  of  SUPPORT  patients 
Utilities  were  estimated  using  time-tradeoff  questions.  Costs  (in   1998 
dollars)  were  based  on  hospital  fiscal  data  and  Medicare  data.  RESULTS: 
Of  the  963  patients  who  received  ventilator  support.  4891  sun  ived  foi  al 
least  b  months.  At  6  months,  survivors  reported  a  median  of  I  depen- 
dence in  activities  ol  daily  living,  and  72',   rated  their  quality  ol  life  as 
good,  very  good,  or  excellent  Among  the  42  patients  in  whom  ventilator 
support  was  withheld,  the  median  survival  was  3  days     Vmong  patients 
whose  estimated  probability  ol  surviving  at  least  2  months  from  the  time 
of  ventilator  support  ("prognostic  estimate")  was  709  or  more,  the  in 
cremental  cost  per  quality-adjusted  life  year  (QALY)  saved  by  providing 
rather  than   withholding   ventilatoi    support   and  aggressive  care   was 
$29,000.  For  medium-risk  patients  (prognostic  estimate  519  to  70';  I,  the 
incremental  cost  ellecliveness  was  $44,000  per  QALY,  and  lor  high-risk 
patients  (prognostic  estimate  £509  I,  it  was  SI  10,000  per  QALY    When 

assumptions  were  varied  from  5091  to  2009  ol  baseline  estimates,  the 
results  ranged  from  $19,000  to  $48,000  foi  low-risk  patients,  from  $29,000 

to  $76,  000  for  medium-risk  patients,  and  from  $67,000  to  $200, I  foi 

high-risk  patients.  CONCLUSIONS:  Ventilator  support  and  intensive 
care  for  acute  respiratory  failure  due  to  pneumonia  or  acute  respirator) 
distress  syndrome  are  relatively  cost-effective  for  patients  with 
probability  of  surviving  2  months  However,  foi  patients  with  an  ex- 
pected 2-month  survival  <509  .  the  cost  per  Q  \IA  is  more  than  three- 
fold greatei  at    -suhi.ooo. 

Mechanisms  of  Hypertension  In  Patients  with  Chronic  Obstructive 

Pulmonary  Disease  and  \eule  Respiratory  Failure     I  ontana  I     Bo 
nardi  P.  Tartuleri  I..  Boschi  S,  De  [asio  R.  Merlo  Pich  I     Km  I  Med  2000 
Dec  1;109(8):621  627 

PURPOSI  lo  investigate  the  effects  ol  hypoxemia,  hypcrcapnia.  and 
cardiovasculai  hormones  (norepinephrine,  endolhelm  .  and  atrial  natri- 
uretic factor)  on  blood  pressure  during  acme  respirator)  failure  PA 
T1ENTS  AND  METHODS:  Patients  with  chronic  obstructive  pulmonary 
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Abstracts 


disease  and  acute  respiratory  failure  were  divided  into  foui  groups  ol  10 
patients  each  hypoxemia-normocapnia,  hypoxemia  hypercapnia,  hypox- 
emia-hypocapnia,  and  normoxemia-hypercapnia  Plasma  norepinephrine 
levels  were  determined  by  high-performance  liquid  chromatography  with 
electrochemical  detection.  Plasma  endothelin  '  and  atrial  natriuretic  fac- 
tor levels  were  radioimmunoassayed  after  chromatographic  preextrac- 
tion  RESULTS:  Systolic  blood  pressure  and  cardiovascular  hormone 
levels  were  greater  iii  patients  with  hypercapnia  (whether  or  not  the}  also 
had  hypoxemia)  than  in  those  with  normocapnia  and  hypoxemia  Foi 
example,  in  patients  with  hypercapnia  and  normoxemia,  the  moan  (± 
SDi  systolic  blood  pressure  was  183  ±31  mm  Hg  and  the  mean  norepi- 
nephrine level  was  -I'M  i  1(17  pg/mL,  as  compared  with  150  ±  6  mm  Hg 
and  243  ±  58  pg/ml.  in  those  with  normocapnia  and  hypoxemia  (both 
p  <0.05).  Similar  results  were  seen  lor  endothelin  '  and  atrial  natriuretic 
factor  levels,  and  for  the  comparisons  of  hypoxemic  patients  who  were 
hypercapnic  with  those  who  were  normocapnia  CONCLUSIONS:  These 
results  suggest  that  blood  carbon  dioxide  levels,  rather  than  oxygen  lev- 
els, are  responsible  for  hypertension  during  acute  respiratory  failure, 
perhaps  as  a  result  of  enhanced  sympatho-adrenergic  activity. 

Current  and  Projected  Workforce  Requirements  for  Care  of  the 
Critically  111  and  Patients  with  Pulmonary  Disease:  Can  We  Meet  the 
Requirements  of  an  Aging  Population? — Angus  DC.  Kelley  MA. 
Schmitz  RJ.  White  A.  Popovich  J  Jr.  JAMA  2000  Dec  6:284(21 1:2762- 
2770. 

CONTEXT:  Two  important  areas  of  medicine,  care  of  the  critically  ill 
and  management  of  pulmonary  disease,  are  likely  to  be  influenced  by  the 
aging  of  the  US  population.  OBJECTIVE:  To  estimate  current  and  future 
requirements  for  adult  critical  care  and  pulmonary  medicine  physicians  in 
the  United  States.  DESIGN.  SETTING.  AND  PARTICIPANTS:  Anal- 
ysis of  existing  population,  patient,  and  hospital  data  sets  and  prospec- 
tive, nationally  representative  surveys  of  intensive  care  unit  (ICU)  direc- 
tors (n  =  393)  and  critical  care  specialists  (intensivists)  and  pulmonary 
specialists  (pulmonologists)  (n  =  421).  conducted  from  1996  to  1999. 
MAIN  OUTCOME  MEASURES:  Influence  of  patient,  physician,  re- 
gional, hospital,  and  payer  characteristics  on  current  practice  patterns; 
forecasted  future  supply  of  and  demand  for  specialist  care  through  2030. 
Separate  models  for  critical  care  and  pulmonary  disease.  Base-case  pro- 
jections with  sensitivity  analyses  to  estimate  the  impact  of  future  changes 
in  training  and  retirement,  disease  prevalence  and  management,  and  health 
care  reform  initiatives.  RESULTS:  In  1997,  intensivists  provided  care  to 
36.8%  of  all  ICU  patients.  Care  in  the  ICU  was  provided  more  commonly 
by  intensivists  in  regions  with  high  managed  care  penetration.  The  cur- 
rent ratio  of  supply  to  demand  is  forecast  to  remain  in  rough  equilibrium 
until  2007.  Subsequently,  demand  will  grow  rapidly  while  supply  will 
remain  near  constant,  yielding  a  shortfall  of  specialist  hours  equal  to  22% 
of  demand  by  2020  and  35%  by  2030.  primarily  because  of  the  aging  of 
the  US  population.  Sensitivity  analyses  suggest  that  the  spread  of  current 
health  care  reform  initiatives  will  either  have  no  effect  or  worsen  this 
shortfall  A  shortfall  of  pulmonologist  time  will  also  occur  before  2007 
and  increase  to  359!  bj  2020  and  46%  by  2030.  CONCLUSIONS:  We 
forecast  that  the  proportion  of  care  provided  by  intensivists  and  pulmo- 
nologists in  the  United  Stales  will  decrease  below  current  standards  in 
less  than  10  years.  While  current  health  care  reform  initiatives  and  mod- 
ification of  existing  practice  patterns  may  temporarily  forestall  this  prob- 
lem, most  anticipated  effects  are  minor  in  comparison  with  the  growing 
disease  burden  created  by  the  aging  US  population. 


"Hospital  at  Home"  versus  Hospital  Care  in  Patients  with  Exacer- 
bations of  Chronic  Obstructive  Pulmonary  Disease:  Prospective  Ran- 
domised Controlled  Trial      Davies  L.  Wilkinson  M.  Bonner  S,  C.ilvei 
lev  I'M.  Angus  KM.  BMJ  2000  Nov  18:321(7271 ):  1265-1268. 


OBJECTIVES:  To  compare  "hospital  at  home"  and  hospital  care  .is  an 
inpatient  m  acute  exacerbations  ol  chronic  obstructive  pulmonary  dis- 
ease. DESIGN:  Prospective  randomised  control  led  trial  with  three  months' 
follow  up.  SETTING:  University  leaching  hospital  offering  secondary 
care  service  to  350  000  patients.  PATIENTS:  Selected  patients  vvuh  an 
exacerbation  of  chronic  obstructive  pulmonary  disease  where  hospital 
admission  had  been  recommended  after  medical  assessment.  INTER- 
VENTIONS: Nurse  administered  home  care  was  provided  as  an  alterna- 
tive to  inpatient  admission.  MAIN  OUTCOME  MEASURES  Readmis 
sion  rates  at  iwo  weeks  and  three  months,  changes  m  forced  expiratory 
volume  in  one  second  (FEV, )  from  baseline  at  these  times  and  mortality 
RESULTS:  583  patients  with  chronic  obstructive  pulmonary  disease  re- 
ferred for  admission  were  assessed.  192  met  the  criteria  for  home  care, 
and  42  refused  to  enter  the  trial.  100  were  randomised  to  home  care  and 
50  to  hospital  care.  On  admission,  FEV,  after  use  of  a  bronchodilator  was 
36.19!  (959!  confidence  interval  2.4';  to  60S';  )  predicted  in  home  care 
and  35.1%  (6.3%  to  63.  9%)  predicted  in  hospital  care.  No  significant 
difference  was  found  in  FEV,  after  use  of  a  bronchodilator  at  two  weeks 
(42.6%.  3.4%  to  81.8%  versus  42.1%.  5.1%  to  79.19J  I  or  three  months 
(41.5%.  8.2%  to  74.8%  versus  41.9%,  6.2%  to  77.6%)  between  the 
groups.  37%'  of  patients  receiving  home  care  and  34' ,  receiv  nig  hospital 
care  were  readmitted  at  three  months.  No  significant  difference  was 
found  in  mortality  between  the  groups  at  three  months  (4<(  versus  S';  i 
CONCLUSIONS:  Hospital  at  home  care  is  a  practical  alternative  to 
emergency  admission  in  selected  patients  with  exacerbations  of  chronic- 
obstructive  pulmonary  disease. 

Early  Percutaneous  Tracheostomy  After  Median  Sternotomy — By- 

hahn  C,  Rinne  T.  Halbig  S,  Albert  S,  Wilke  HJ.  Lischke  V.  Westphal  K. 
J  Thorac  Cardiovasc  Surg  2000  Aug;l20(2):329-334. 

OBJECTIVE:  Tracheostomy  offers  significant  advantages  over  endotra- 
cheal intubation  in  patients  requiring  long-term  assisted  ventilation.  How- 
ever, in  patients  who  have  undergone  median  sternotomy,  it  is  believed 
that  the  danger  of  microbial  contamination  and  consecutive  infection  of 
the  sternal  wound  with  microbes  from  the  tracheostomy  is  high  when 
conventional  tracheostomy  is  performed.  In  contrast,  percutaneous  tech- 
niques are  less  likely  to  result  in  tracheostomy  infection  and  thus  bacte- 
rial contamination  of  neighboring  structures.  Nonetheless,  to  date  there 
has  been  no  prospective  study  confirming  or  disproving  this  assumption. 
Our  study  evaluated  outcome  after  percutaneous  tracheostomy  in  patients 
with  a  median  sternotomy.  METHODS:  A  total  of  144  cardiac  surgical 
patients  had  elective  percutaneous  tracheostomy  at  the  bedside  until  post- 
operative day  14.  with  4  different  techniques.  Systematic  microbiologic 
monitoring  of  the  sternal  and  tracheal  wounds  was  used.  RESULTS:  In 
13  patients  sternal  wound  infection  was  suspected,  but  was  confirmed  in 
only  4  (2.8%)  patients  who  actually  showed  microbial  contamination  ol 
the  sternum.  In  2  of  these  patients,  the  identified  microbes  were  not 
identical  to  those  cultured  from  the  trachea.  The  other  2  patients  had 
sterna]  and  tracheal  cultures  positive  for  methicillin-resistant  Staphylo- 
coccus aureus.  Cross-contamination  of  the  sternotomy  with  microbes 
from  the  patient's  airways  was  therefore  ruled  out.  No  patient  had  clinical 
signs  of  tracheostomy  infection.  Likewise,  there  were  no  cases  of  medi- 
astinitis.  CONCLUSIONS:  On  the  basis  of  our  data,  we  conclude  thai 
cross-contamination  of  the  sternal  wound  with  microbes  from  the  trachea 
is  not  a  problem.  Elective  percutaneous  tracheostomy  is  sale,  even  it 
performed  during  the  first  14  days  alter  median  sternotomy. 

Are  Patients  at  Veterans  Affairs  Medical  Centers  Sicker?  A  Com- 
parative Analysis  of  Health  Status  and  Medical  Resource  Use  Agha 
/.  I  ofgren  RP.  VanRuiswyk  J\  .  Layde  I'M  Arch  Intern  Med  2(«»i  \.>v 
27:160(21  1:3252-3257. 

BACKGROUND:  The  Veterans  Allans  i\Ai  health  system  has  been 
criticized  for  being  inefficient  based  on  comparisons  ol  \  \  tare  with 
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POM  I  MP    I  IP   FOR   AIR  copd  is  an  umbrella  term  used  to  describe  major  lung 
V^UIVIIINO    Ur    r  KJT\  rur\  djseases  wnere  airflow  is  reduced  including  emphysema 

and  chronic  bronchitis.  The  result  is  lots  of  coughing,  shortness  of  breath,  chest  tightness 
and  increased  mucus  production.  And  in  severe  cases,  less  oxygen  and  more  carbon 
dioxide.  Smoking  is  the  culprit  for  90  percent  of  all  cases  of  COPD. 

Nearly  half  of  the  people  diagnosed  with  COPD  get  short  of  breath  while  doing  such 
mundane  things  as  washing,  dressing  or  doing  light  housework.  A  third  get  breathless  just 
having  a  conversation  or  sitting  or  lying  down. 

The  symptoms  of  COPD  are  globally  under-recognized  and  sufferers  of  this  condition  tend  to 
underestimate  the  severity  of  their  symptoms.  Do  you  have  the  symptoms? 

COPD:  Coming  Up  For  Ajr,  co-hosted  by  Stephen  L.  Rennard,  M.D.,  Larson  Professor  of 
Medicine  at  the  University  of  Nebraska  Medical  Center  and  James  F.  Donahue,  M.D.. 
Professor  of  Medicine  at  the  University  of  North  Carolina  raises  awareness  of  this  under- 
reported  illness. 
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non-VA  care  Whethei  such  comparisons  arc  biased  bj  differences  be 
tween  the  VA  patient  population  and  the  non-VA  patient  population  is 
not  known.  Out  objective  is  to  determine  ii  VA  patients  arc  different 

from  non-VA  patients  in  terms  of  health  status  and  medical  resource  use 
\ll  I  hod  We  analyzed  128,099  records  from  the  National  Health  In 
terviev,  Survej  foi  the  years  1993  and  1994   We  compared  the  VA 

patient  population  with  the  general  patient  population  lor  sell  report  on 
health  Status,  number  ol  medical  condition-,,  number  of  outpatient  phy- 
sician msiis.  number  of  hospital  admissions,  and  number  of  hospital  days 
each  >ear.  RESULTS:  The  VA  patient  population  had  poorer  health 
status  lodds  ratio  (OR].  14.7.  95',  confidence  interval  [CI],  10.7-20.2), 
more  medical  conditions  (OR.  14;  95%  CI.  10.5-18.7).  and  higher  med- 
ical resource  use  compared  with  the  general  patient  population  (OR,  3.7 
lor  3  or  more  physician  \isiis  per  year;  OR  5.4  lor  3  or  more  hospital 
admissions  per  year;  OR.  7.7  lor  21  or  more  days  spent  in  a  hospital  per 
year).  However,  after  controlling  lor  health  and  sociodemograpbic  dif- 
ferences, VA  patients  had  similar  resource  use  compared  with  the  general 
patient  population.  CONCLUSION:  Large  differences  in  sociodemo- 
graphic  status,  health  status,  and  subsequent  resource  use  exist  between 
the  VA  and  the  general  patient  population.  Therefore,  comparisons  of  VA 
care  with  non-VA  care  need  to  take  these  differences  into  account.  Fur- 
thermore, health  care  planning  and  resource  allocation  within  the  VA 
should  not  be  based  on  data  extrapolated  from  non-VA  patient  popula- 
tions. 

Clinical  Signs  and  Symptoms  Predicting  Influenza  Infection — Monto 
AS.  Gravenstein  S.  Elliott  M.  Colopy  M.  Schweinle  J.  Arch  Intern  Med 
;()()()  Nov  27;160(21  }:3243-3247. 

BACKGROUND:  New  antiviral  drugs  are  available  for  the  treatment  of 
influenza  type  A  and  type  B  infections.  In  clinical  practice,  antiviral  use 
has  rarely  been  guided  by  antecedent  laboratory  diagnosis.  Defined  clin- 
ical predictors  of  an  influenza  infection  can  help  guide  timely  therapy  and 
avoid  unnecessary  antibiotic  use.  OBJECTIVE:  To  examine  which  clin- 
ical signs  and  symptoms  are  most  predictive  of  influenza  infection  in 
patients  with  influenzalike  illness  using  a  large  data  set  derived  from 
clinical  trials  of  zanamivir.  METHODS:  This  analysis  is  a  retrospective, 
pooled  analysis  of  baseline  signs  and  symptoms  from  phase  2  and  3 
clinical  trial  participants.  It  was  conducted  in  mainly  unvaccinated  (mean 
age.  35  years)  adults  and  adolescents  who  had  influenzalike  illness,  de- 
fined as  having  fever  or  feverishness  plus  at  least  2  of  the  following 
influenzalike  symptoms:  headache,  myalgia,  cough,  or  sore  throat  who 
underwent  laboratory  testing  for  influenza.  Clinical  signs  and  symptoms 
were  evaluated  in  statistical  models  to  identify  those  best  predicting 
laboratory  confirmation  of  influenza.  RESULTS:  Of  3744  subjects  en- 
rolled with  baseline  influenzalike  symptoms,  and  included  in  this  anal- 
ysis, 2470  (66%)  were  confirmed  to  have  influenza.  Individuals  with 
influenza  were  more  likely  to  have  cough  (93%  vs  80%),  fever  (68'  I  v  s 
409!  i.  cough  and  fever  together  (64%  vs  339i  ).  and/or  nasal  congestion 
i<)|',  vs  81%)  than  those  without  influenza.  The  best  multivariate  pre- 
dictors of  influenza  infections  were  cough  and  fever  with  a  positive 
predictive  value  of  797r  (p<0.00l).  The  positive  predictive  value  rose 
with  the  increase  in  the  temperature  at  the  time  of  recruitment.  CON- 
CLUSION: When  influenza  is  circulating  within  the  community,  patients 
with  an  influenzalike  illness  who  have  both  cough  and  te\er  within  48 
hours  of  symptom  onset  are  likely  to  have  influenza  and  the  administra- 
tion of  influenza  antiviral  therapy  may  be  appropriate  to  consider. 

Impact  of  Zanamivir  on  Antibiotic  Use  for  Respirator)  Events  Fol- 
lowing Acute  Influenza  in  Adolescents  and  Adults — Kaiser  L.  Keene 
(  i\  Hammond  JM.  Elliott  M.  Hayden  FG.  Arch  Intern  Med  2000  Nov 
27;160(21):3234-3240. 

BACKGROUND:  Influenza  infections  commonly  lead  to  respiratory  tract 

complications  that  result  in  antibiotic  treatment.  OBJECTIVES:  To  de 


(ermine  frequency  of  respiratory  events  leading  to  antibiotic  use  follow- 
ing influenza  illness  in  adolescents  and  adults,  and  to  assess  whether 
treatment  with  topical  zanamivir  prevents  these  complications.  METH- 
ODS: Meta-analysis  of  7  randomized,  double-blind,  placebo-controlled 
trials:  3S15  mainly  healthy  adolescents  and  adults  (mean  age.  34  ye.irsi 
with  an  influenzalike  illness  of  less  than  2  days'  duration  were  randomly 
assigned  to  receive  combined  inhaled  and  intranasal  zanamivir.  inhaled 
zanamivir.  or  corresponding  placebos.  Twelve  percent  of  enrolled  sub- 
lets were  high-risk  patients.  The  main  outcome  was  the  incidence  of 
respiratory  events  leading  to  antibiotic  prescriptions  in  patients  with  pro\  en 
influenza.  RESULTS:  Influenza  infections  were  laboratory  confirmed  in 
249')  |66'<  i  ot  3815  patients  (influenza  A  in  88%  and  B  in  I2'i  i.  Placebo 
recipients  developed  a  respiratory  event  leading  to  antibiotic  use  in  17', 
of  cases,  mainly  for  acute  bronchitis  or  acute  sinusitis.  Among  zanamivir- 
treated  patients  (n  =  1494)  the  incidence  of  respiratory  events  leading  to 
the  use  of  antimicrobials  was  11%  (relative  risk  [RR]  compared  with 
placebo.  0.69:  95%  confidence  interval  [CI],  0.57-0.84).  Intranasal  and 
inhaled  zanamivir  seemed  to  reduce  the  number  of  upper  ( RR.  0.59;  95'  I 
CI,  0.36-0.97)  and  lower  respiratory  tract  events  (RR.  0.64:  95%  CI. 
0.38-1.08).  Inhaled  zanamivir  reduced  the  number  of  lower  respiratory 
tract  events  (RR.  0.60;  95%  CI.  0.42-0.85).  but  the  reduction  in  the 
number  of  upper  respiratory  tract  events  was  not  statistically  significant 
(RR,  0.90;  95%  CI,  0.63-1.27).  CONCLUSIONS:  Respiratory  compli- 
cations or  worsening  of  symptoms  leading  to  antibiotic  use  occurred  in 
about  17%  of  adolescents  or  adults  with  influenza  infection.  Early  treat- 
ment of  influenza  illness  with  zanamivir  reduced  the  number  of  these 
antibiotic  prescriptions. 

Water  Accumulation  in  Metered  Dose  Inhaler  Spacers  Under  Nor- 
mal Mechanical  Ventilation  Conditions — Waugh  JB.  Waugh  JB.  Heart 
Lung  2000  Nov-Dec;29(6):424-428. 

OBJECTIVE:  The  purpose  of  this  study  was  to  compare  the  water  ac- 
cumulation in  3  types  of  metered  dose  inhaler  (MDI)  spacer  shapes 
in-line  in  a  ventilator  circuit,  in  2  positions  over  2-.  4-,  and  6-hour  time 
periods  through  the  use  of  heated-  and  nonheated-wire  ventilator  circuits 
DESIGN:  The  study  design  was  prospective,  quasiexperimental.  and  ran- 
dom assignment.  SETTING:  The  study  was  conducted  in  a  university 
laboratory.  MATERIALS:  Three  brands  of  MDI  spacers  (OptiVent.  ACE. 
AeroVent)  were  tested.  Outcome  Measures:  Grams  of  water  accumula- 
tion were  measured.  INTERVENTION:  Distilled  water  accumulation 
was  measured  in  3  brands  of  MDI  spacers  in  0  degrees  and  45  degrees 
positions  at  2-.  4-.  and  6-hour  time  intervals.  Water  accumulation  was 
measured  in  each  spacer  by  calculating  the  differences  between  pretest 
(dry)  weights  and  posttest  (wet)  weights  through  the  use  of  an  analytical 
balance.  A  Marquesl  SCT-3000  servo-controlled  humidifier  with  heated- 
wue  ventilator  circuit  was  used  with  a  room  temperature  range  ol  21.7 
degrees  C-22.S  degrees  C  (71  degrees  -73  degrees  F)  and  a  relative 
humidity  range  of  57%-65%.  RESULTS:  Multivariate  repeated  measures 
analysis  demonstrated  a  difference  between  brands  ip  <0.001).  The 
amount  of  water  accumulated  during  6  hours  (time  variable)  was  signif- 
icantly  different  (p  <0.001).  as  was  the  interaction  between  time  and 

'spacer  brand''  (with  Greenhouse-Geissei  adjustment).  The  interaction  of 
time  and  position  was  also  significantly  different  tp  =0.001).  Water 
accumulations  at  a  45  degrees  angle  were:  AeroVent  0.765  *  0.152  g: 
OptiVent  1.894  ±  0.228  g;  and  ACE  4.043  ±  0.665  g  through  6  hours 
ol  use  CONCI  I'SIONS  We  found  that  water  accumulation  was  a  result 
of  the  tvpe  ol  spacer,  position  of  the  spacer,  and  time  that  the  spacer  was 

left  in-line.  All  3  brands  of  spacer  collected  less  than  5  inL  of  watei  ovei 
6  hours  in  either  position.  Heated-wire  circuits  accumulated  less  water 

than  nonheated-wire  circuits  and  may  be  safet  when  using  MDI  spacers. 

Women's  Initiative  for  Nonsmoking  tWlNSl  I:  Design  and  Meth- 
ods— Froelicher  ES,  Christopherson  D.  Heart  Lung  2000  No\  Dec. 29(6): 
429-437. 
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Abstracts 


I  ins  article  describes  the  design  and  methods  of  the  Women's  Inniativc 
for  Nonsmoking,  .1  nurse-managed  intervention  for  smoking  cessation 
and  relapse  prevention  in  women  hospitalized  with  cardiovasculai  dis 
ease.  [Tie  Women's  Initiative  lor  Nonsmoking  is  .1  randomized  clinical 
trial  with  a  3-month  intervention  period  and  follow-up  at  6,  12.  24,  and 
)0  months  Data  were  collected  ai  10  urban  hospitals  in  the  San  Francisco 

Bay    area    The  sample  consisted  of  278  women,  mean  age  61    years, 

hospitah/ed  with  cardiovascular  disease  (angina,  myocardial  infarction, 
angioplasty,  coronary  arterj  bypass  graft  surgery,  heart  failure,  valvular 
disease,  peripheral  vascular  disease,  and  cerebrovasculai  disease).  The 
behavioral  intervention  consisted  of  nurse-managed  care  focused  on  pre- 
venting relapse  after  smoking  cessation  during  hospitalization.  Measures 

included  demographic,  clinical  (includes  diagnosis  and  comorbidity  data), 
smoking  history,  confidence  questionnaire,  stress,  depression,  and  qual- 
ity of  life.  This  artiele  provides  a  detailed  description  of  research  design 
and  methods  for  researchers  desiring  to  replicate  the  study  and  nurse 
practitioners  developing  a  smoking  cessation,  risk-reduction  program  in 
the  clinical  setting.  Results  of  the  trial  are  forthcoming. 

Women's  Initiative  for  Nonsmoking  (WINS)  II:  The  Intervention — 

Martin  K.  Froelicher  ES.  Miller  NH.  Heart  Lung  2000  Nov-Dec;29(6): 
I  18  44?. 

Women's  Initiative  for  Nonsmoking  (WINS)  is  a  randomized  clinical 
trial  designed  to  test  the  efficacy  of  a  nurse-managed  smoking  cessation 
and  relapse  pre\  ention  intervention  designed  specifically  for  women.  The 
WINS  intervention  is  rooted  in  social  learning  theory,  specifically  that  of 
self-efficacy.  It  is  a  multimedia  approach  that  provides  education,  coun- 
seling, and  telephone  follow-up  that  meet  the  smoking  cessation  inter- 
vention guidelines  established  by  the  Agency  for  Health  Care  Policy  and 
Research.  The  WINS  intervention  has  been  successfully  implemented  in 
more  than  140  women  and  has  proven  to  be  feasible  and  well  accepted 
h\  both  the  women  and  their  health  care  providers.  Although  the  inter- 
\  ention  in  the  protocol-driven  randomized  clinical  trial  was  begun  in  the 
hospital,  it  is  anticipated  that  nurses  in  any  setting,  inpatient  or  outpatient, 
who  serve  populations  at  risk  for  cardiovascular  disease,  peripheral  vas- 
cular disease,  lung  cancer,  or  pulmonary  disease  could  successfully  pro- 
vide the  intervention. 

Augmentation  Therapy  Reduces  Frequency  of  Lung  Infections  in 
Antitrypsin  Deficiency:  A  New  Hypothesis  with  Supporting  Data — 
Lieberman  J.  Chest  2000  Nov;]  18(5):  1480- 1485. 

STUDY  OBJECTIVES:  To  propose  an  hypothesis  that  antiprotease  aug- 
mentation therapy  reduces  the  incidence  of  lung  infections  in  (^-antit- 
rypsin (AAT)-deficient  patients,  and  to  present  supporting  data.  DE- 
SIGN: The  proposed  concept  is  based  on  a  survey  taken  via  the  Internet 
of  patients  receiv  mg  augmentation  therapy  for  I  to  10  years  compared  to 
similar  patients  not  receiving  such  therapy.  SETTING:  A  questionnaire 
was  submitted  to  patients  with  a  ZZ  phenotype  for  AAT  deficiency  to 
determine  whether  those  receiving  antitrypsin  augmentation  therapy  were 
aware  ol  any  personal  benefit,  and  whether  the  therapy  had  an  effect  on 
the  frequency  of  lung  infections.  PATIENTS:  Ninety-six  adult  patients 
receiving  human  a, -proteinase  inhibitor  (a,-Pll  responded,  as  did  47 
similar  patients  not  receiving  augmentation  therapy.  RESULTS:  Seven- 


ty-four of  89  patients  who  had  received  <irI'l  infusions  foi       I  yeai 

believed  that  they  had  definitely  benefited  from  such  therapy  Fifty  six  ol 
the  74  patients  claiming  a  benefit  attributed  this  to  a  reduction  in  the 
number  of  lung  infections  smce  starting  therapy  with  cr, -PI  infusions. 
Before  starting  «,-PI.  the  majority  ol  patients  had  three  to  five  infections 
per  year,  dropping  to  zero  to  one  infection  per  year  during  a,-PI  therapy 
(p  <  0.001).  CONCLUSIONS;  Replacement  therapy  for  AA'I  deficien- 
cy-associated emphysema  appears  to  he  associated  with  a  marked  reduc- 
tion in  the  frequency  and  seventy  ol  lung  infections.  This  association 
must  he  evaluated  further  in  future,  more  rigid,  prospective  studies  of 
AAT  augmentation  therapy.  Findings  support  the  hypothesis  that  anti- 
protease therapy  with  r»,-PI  reduces  the  incidence  of  lung  infections  in 
addition  to  slowing  the  deterioration  ol  lung  function  and  causing  a 
reduction  in  mortality. 


Preoperative  Severity  of  Emphysema  Predictive  of  Improvement  Af- 
ter Lung  Volume  Reduction  Surgery:  Use  of  CT  Morphometry 

Rogers  RM.  Coxson  HO,  Sciurba  FC,  Keenan  RJ.  Whittall  KP.  Hogg  JC. 
Chest  2000  Nov;  1 18(5 ):  1240- 1247 

STUDY  OBJECTIVES:  To  determine  how  the  volume  and  severity  ol 
emphysema  measured  by  CT  morphometry  (CTM)  before  and  after  lung 
volume  reduction  surgery  (LVRS)  relates  to  the  functional  status  ol 
patients  after  LVRS.  DESIGN:  A  histologically  validated  CT  algorithm 
was  used  to  quantify  the  volume  and  severity  of  emphysema  in  35  pa- 
tients before  and  after  LVRS:  total  lung  volume  (TLV).  normal  lung 
volume  (<  6.0  mL  gas  per  gram  of  tissue),  volume  of  mild/moderate 
emphysema  (ME;  6.0  to  10.2  mL  gas  per  gram  of  tissue),  volume  of 
severe  emphysema  (>  10.2  mL  gas  per  gram  of  tissue),  surface  area/ 
volume  (SA/V:  meters  squared  per  milliliter),  and  surface  area  (SA; 
meters  squared).  Outcome  parameters  included  maximal  cardiopulmo- 
nary exercise  (CPX)  performance  in  21  patients  and  routine  pulmonary 
function  in  all  patients.  We  hypothesized  that  baseline  CTM  parameters 
predict  response  to  LVRS  and  that  the  change  in  these  parameters  may 
offer  insight  into  mechanisms  of  improvement.  Patients  and  intervention: 
Thirty-five  patients  with  severe  emphysema  who  had  successful  LVRS. 
RESULTS:  The  significant  decrease  in  TLV  following  LVRS  was  en- 
tirely accounted  for  by  a  decrease  in  severe  emphysema.  The  SA/V  and 
the  SA  both  increased  significantly  following  LVRS.  The  change  in 
maximal  CPX  in  watts  following  surgery  correlated  significantly  with 
baseline  values  of  severe  emphysema  (r  =  0.60).  which  was  collinear 
with  TLV.  and  SA/V.  The  change  in  diffusing  capacity  of  the  lung' for 
carbon  monoxide  revealed  a  significant  positive  linear  relationship  with 
preoperative  severe  emphysema  (r  =  0.37)  and  a  negative  relationship 
with  ME  (r  =  -0.37).  Change  in  watts  revealed  a  strong  relationship  with 
changes  in  severe  emphysema  (r  =  -0.75)  and  weaker  but  significant 
relationships  with  change  in  TLV,  ME.  SA/V.  and  SA.  Other  measures 
ol  pulmonary  function  revealed  significant  albeit  less  dominant  relation- 
ships with  baseline  CTM  and  change  in  these  indexes.  COM  I  I  Ml  >\ 
Using  CTM.  we  have  identified  a  close  relationship  between  baseline 
severe  emphysema,  or  change  in  severe  emphysema,  and  the  improve- 
ment in  CPX  after  LVRS.  These  observations  support  a  potential  role  of 
CTM  in  future  clinical  trials  for  predicting  responders  to  LVRS  and 
identifying  mechanisms  of  improvement. 
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Foreword 


Acid- Base  Disturbance 


Patient  care  providers  arc  frequently,  confronted  with 
acid-base  disturbances.  These  can  range  from  a  simple 
respirator)  acidosis  or  alkalosis,  metabolic  acidosis  or  al- 
kalosis, to  a  more  complex  mixed  acid-base  disorder.  In 
general,  acid-base  disturbances  arc  manifestations  or  com- 
plications of  a  pre-existing  disease.  In  fact, they  may  prompt 
ns  to  serious  conditions  thai  require  immediate  attention. 

Two  major  organs  arc  involved  in  maintaining  acid- 
base  homeostasis:  the  lungs  and  the  kidneys.  Both  function 
collective!)  to  achieve  that  common  goal.  Hence,  in  this 
special  issue  on  acid-base  disorders,  to  cover  a  compre- 
hensive area  from  basic  science  physiology  to  clinical  ap- 
plication, we  have  solicited  recognized  authors  from  both 
nephrology  and  pulmonary  medicine  who  have  special  in- 
terest in  acid-base  regulation. 

The  understanding  of  acids  and  bases  originated  in  1834 
when  an  English  physicist.  Michael  Faraday,  discovered 
that  acids,  bases,  and  salts  are  electrolytes.1  In  1884  Svante 
Arrhenius,  a  Swedish  chemist,  proposed  that  an  acid  is 
defined  as  a  hydrogen-containing  compound  that,  when 
dissolved  in  water,  produces  a  concentration  of  hydrogen 
ions  (H*  ).:  Similarly,  a  base  is  defined  as  a  substance  that, 
when  dissolved  in  water,  produces  an  excess  of  hydroxide 
ions  i  OH  ).  Since  then,  scientists  have  further  refined  our 
understanding  of  acid-base  and  have  been  able  to  measure 
the  strength  of  an  acid,  known  as  pH.  that  is.  the  negative 
logarithm  of  H  f  activity  of  a  solution.  Like  other  topics  in 
medicine,  knowledge  in  acid-base  disorders  continues  to 
evolve,  and  this  special  issue  attempts  to  keep  the  readers 
abreast  of  current  developments  in  this  area. 

In  acid-base  disorders,  know  ledge  of  normal  acid-base 
balance  is  closely  linked  to  understanding  its  disturbance. 


Virtually   all  disturbances  ol  acid  base  regulation  aie  ex- 
amples of  pure  pathophysiology.  It  would  he  difficult  to 

understand  the  pathophysiology  ol  a  specific  disturbance 
without  an  understanding  of  the  normal  acid  base  ho 
meostasis.  Accordingly,  this  issue  begins  w  ith  a  discussion 
of  how  the  body  maintains  acid-base  homeostasis,  fol- 
lowed by  specific  acid-base  disturbances,  and  concludes 
with  the  general  clinical  approach  to  patients  with  acid- 
base  disorders.  We  hope  that  the  readers  of  Rksi'ikatory 
Car]   find  this  special  issue  informative  and  up-to-date. 

Catherine  SH  Sassoon  Ml) 

Pulmonary  and  Critical  Care  Section 

Department  of  Medicine 

University  of  California.  Irvine 
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Reviews,  Overviews,  &  Updates 


Acid-Base  Physiology 


Horacio  E  Adrogue  MD  and  Horacio  J  Adrogue  MD 


Introduction 

Scales  of  Acidity:  pH  versus  Nanomoles  per  Liter 

Buffer  Systems 

Generation,  Consumption,  and  Excretion  of  Hydrogen  Ions 

Intracellular  Acid-Base  Regulation 

Pulmonary  Excretion  of  Volatile  Acid 

Renal  Excretion  of  Fixed  Acids 
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Acid-base  homeostasis  involves  chemical  and  physiologic  processes  responsible  for  the  maintenance 
of  the  acidity  of  body  fluids  at  levels  that  allow  optimal  function  of  the  whole  individual.  The 
chemical  processes  represent  the  first  line  of  defense  to  an  acid  or  alkali  load  and  include  the 
extracellular  and  intracellular  buffers,  whereas  the  physiologic  processes  modulate  acid-base  com- 
position by  changes  in  cellular  metabolism  and  by  adaptive  responses  in  the  excretion  of  volatile 
acids  by  the  lungs  and  fixed  acids  by  the  kidneys.  The  need  for  the  existence  of  multiple  mechanisms 
involved  in  acid-base  regulation  stems  from  the  critical  importance  of  the  hydrogen  ion  (H+) 
concentration  on  the  operation  of  many  cellular  enzymes  and  function  of  vital  organs,  most  prom- 
inently the  brain  and  the  heart.  The  task  imposed  on  the  mechanisms  that  maintain  acid-base 
homeostasis  is  large,  since  metabolic  pathways  are  continuously  consuming  or  producing  H+,  and 
the  daily  load  of  waste  products  for  excretion  in  the  form  of  volatile  and  fixed  acids  is  substantial. 
We  review  the  determinants  of  the  acidity  of  body  fluids,  the  mechanisms  that  maintain  normal 
acid-base  composition,  and  the  overall  defense  to  disruption  in  acid-base  equilibrium.  Specific 
topics  include  an  examination  of  the  scales  of  acidity,  buffer  systems,  intracellular  acid-base  reg- 
ulation, excretion  of  acids,  alkali  and  acid  loading,  and  normal  acid-base  composition.  The  limita- 
tions of  arterial  blood  sampling  in  the  assessment  of  acid-base  status  are  also  evaluated.  Key  words: 
acid-base  physiology,  acid-base  regulation,  buffer  systems,  arterial  blood  sampling,  alkali  loading,  acid 
loading.  [RespirCare  2001;46(4):328-341] 


Introduction  of  acidity  on  body  proteins.  Chemical  and  physiologic 

processes  arc  responsible  for  the  stability  of  the  acid-base 

Maintenance  of  acid-base  homeostasis  is  a  vital  tunc-  status  of  intracellular  fluids  (ie,  pH  7.00-7.30.  depending 

tion  of  the  living  organism,  largely  because  of  the  effects  on  the  cell  and  tissue  of  origin)  and  extracellular  fluids  (ie, 

pH  7.35-7.45)  at  levels  that  allow  optimal  function  of  the 


Horacio  E  Adrogue  MD  is  affiliated  with  the  Department  oi  Medicine  

and  the  Department  ol  Pediatrics,  University  of  Minnesota,  Minneapolis, 

Minnesota  Horacio  J  Adrogue'  MD  is  affiliated  with  the  Department  of  Correspondence:  Horacio  I   viioenc  MD,  Renal  Section.  \  eterans   \t 

Medicine.  Baylor  College  ol  Medicine  and  The  Methodist  Hospital,  and  fairs  Medical  Center,  2002  Holcombe  Boulevard.  Room  3B  321,  lions 

the  Renal  Section.  Veterans  Allans  Medical  Center.  Houston.  Texas  ton  T.\  7703(1. 


328  Respiratory  Care  •  April  2001  Voi.  46  No  4 


V  ID  B  \m    I'm  SI< 


whole  individual  '  Hie  chemical  processes  represenl  the 
first  line  ol  defense  to  .m  acid  oi  alkali  load  and  include 
the  extracellular  and  intracellular  buffers  The  physiologic 
processes  modulate  acid-base  composition  bj  changes  in 
cellular  metabolism  and  h>  adaptive  responses  in  the  ex 
cretion  oi  volatile  acids  by  the  lungs  and  fixed  acids  by  t lie 
kidneys  rhe  need  for  the  existence  of  multiple  mecha- 
nisms involved  in  acid-base  regulation  stems  from  the  crit- 
ical importance  of  the  In  drogen  ion  (H  I  concentration  on 
ihi.'  operation  of  main  cellular  enzymes  and  on  the  func- 
tion of  vital  organs,  most  prominent])  the  brain  and  the 
heart.  The  task  imposed  on  the  processes  and  organs  that 
maintain  ac  id  base  homeostasis  is  large,  since  metabolic 
pathways  are  continuouslj  consuming  or  producing  II  . 
and  the  dailj  load  ot  waste  products  for  excretion  in  the 
form  ol  volatile  and  fixed  acids  is  substantial. 

Scales  of  Acidity:  pH  versus  Nanomoles  per  Liter 

Vuluv  of  bodj  fluids  maj  he  expressed  as  a  molar 
concentration  such  as  nanomoles  per  liter  (nmol/L  or  10  ' 
mol/L)  or  as  a  pll  value,  the  latter  being  the  negative 

logarithm  of  H  activity  of  a  solution  in  which  the  con- 
centration of  H  i|ll  ]i  is  expressed  in  mol/L.  However, 
measurement  of  acidity  is  always  performed  by  means  oi 
a  glass  pll  electrode1  that  allows  protons  (H)  hut  not 
other  ions  to  diffuse  through  it.  The  glass  of  the  electrode 
is  interposed  between  the  sample  and  a  known  buffer  so- 
lution. The  proton  gradient  between  the  sample  and  the 
buffer  solution  creates  an  electrical  potential  that  is  mea- 
sured and  the  magnitude  of  which  is  proportional  to  the 
proton  gradient  and.  thus,  dependent  on  the  |  H  '  ]  in  the 
sample.  The  pH  electrode  measures  the  H  '  "activity"  hut 
not  the  H4  concentration  In  an  ideal  diluted  solution  the 
lack  of  substantial  interaction  between  ions  results  in  a 
ratio  between  "activity"  and  concentration  equal  to  one. 
Since  the  (H  |  in  most  body  fluids  is  very  low  (ie,  the 
behavior  of  II  resembles  that  found  in  an  ideal  solution), 
it  is  appropriate  to  equate  activit)  to  concentration  of  II 
The  major  difference  between  expressing  the  acidity  of  a 
solution  in  nmol/L  and  pH  units  is  that  the  former  uses  an 
arithmetic  scale,  whereas  the  pH  notation  is  a  logarithmic 
scale.  Thus,  when  acidity  is  expressed  in  pH  units,  because 
of  the  logarithmic  scale  conceptualization  of  quantitative 
changes  in  acidity  can  become  difficult.  For  example,  a 
change  in  pll  from  7.4()  to  7.10  represents  an  increase  in 
|H'  |  from  40  nmol/L  to  SO  nmol/L  lie.  100'-  increase  I. 
Three  methods  can  be  used  to  make  the  conversion 
between  the  two  scales.2  The  first  method,  which  is  the 
mosl  precise,  is  as  follows:  m  order  to  convert  pll  values 
to  [H'  |  in  nmol/L  (nEq/Li.  the  pll  value  must  first  be 
subtracted  from  9.00  and  its  antilog  subsequently  obtained. 
The  reverse,  to  convert  |H  |  in  nmol/L  to  pH,  is  accom- 
plished by  obtaining  fust  the  log  of  the  nmol/L  and  then 


subtracting  it  from  9.00  rhe  rationale  foi  subtracting  from 

9.00  when  expressing  acidity    in  nmol/l     is  thai  pll  9.00 

represents  the  sum  ol  the  scale  and  amounts  to  I  nmol/l 

i  in      mol/l   i    I  oi  example,  the  |ll     |  foi  a  pH  ol  7.15  is 
calculated  as   follows,   we   must   first   subtract    7  Is   from 
9.00,  which  is  1.85;  then  we  should  obtain  lite  antif 
1.85,  which  is  71 .  thus  a  pH  of  7.15  is  equivalent  to  a  |  II    | 
of  71  nmol/L. 

A  second  method  is  to  appl)  the  rule  w  hereby,  lor  each 
0.01  pll  unit  below  01  above  Us  normal  value.  I  nmol/l.  is 
respectively  added  01  subtracted.  Since  a  pll  of  7.40  is 
equal  to  40  nmol/l.  (iiLq/'l  I  of  [H  |.  pll  values  ol  7.50  and 
7.30  correspond  to  |ll  I  of  30  and  50  nmol/L.  respec- 
tively. This  rule  is  i datively  accurate  for  a  limited  range  ol 
pH.  of  about  0.2  pll  units  below  and  above  the  normal 
value  (7.20  to  7.60).  It  must  be  recognized,  however,  that 
this  rule  is  inaccurate  for  extreme  deviations  of  pH,  and 
therefore  should  not  be  used  in  those  circumstances. 

A  thud  method  of  converting  pH  values  to  [H  |  in 
nmol/L  is  the  SO'-  method  (or  0.8  method),  which  is  use- 
ful for  anv  blood  pll  value  and  does  not  require  a  calcu- 
lator with  a  logarithmic  capability  This  method  requires 
remembering  that  a  pll  of  7.40  and  a  pH  of  7.00  corre- 
spond to  |1L  |  of  40  nmol/L  and  KM)  nmol/L.  respectively. 
For  an  increase  in  pH  equal  to  0.10  units  starting  from  a 
selected  pH  value,  one  must  multiply  the  |H  ]  by  0.8.  For 
example,  the  |H  |  for  a  pH  of  7.10  and  a  pll  of  7.20  are 
80  nmol/L  and  64  nmol/L,  respectively.  These  values  are 
obtained  by  multiplying  0.8  X  100  nmol/L  ([H  |  tor  a  pH 
of  7.00)  for  the  former,  and  0.8  X  0.8  X  100  nmol/L  for 
the  latter.  The  8095  method  is  reliable  and  has  practical 
value. 

Butter  Systems 

The  relative  stability  of  the  pH  of  body  fluids,  despite 
the  continuous  production  of  sizeable  quantities  of  acid  by 
metabolism,  in  health  and  disease,  is  fully  dependent  on 
the  presence  of  large  amounts  of  body  buffers.'  A  butler  is 
a  compound  that  ameliorates  the  change  in  acidity  that 
would  otherwise  occur  in  response  to  the  addition  ol  acid 
or  alkali  to  a  solution.  Body  buffers  include  the  carbonic 
acid  bicarbonate  system  and  non-HC03  buffers  (eg.  pro- 
teins, phosphate  i. 

The  relative  strength  of  a  buffer  system  in  the  defense  of 
pH  is  quantified  by  the  so-called  buffer  value.  Ihe  butter 
v  alue  of  a  solution  is  ihe  amount  o\  acid  or  alkali  required 
to  alter  the  acidity  of  a  solution  by  I  pH  unit  It  is  ex 
pressed  in  units  called  slykes  (sh  tin  honor  oi  Donald  I) 
Van  Slyke.  U.S.  biochemist,  1883-1971 1,  which  are  equiv- 
alent to  mLq/l./pH  unit  '  When  the  bicarbonate  buffei  sys 
tern  is  compared  with  the  non-HCO,  buffer  system  in 
terms  of  buffer  value,  a  substantial  difference  in  the  strength 
of  butler  action  is  found.  The  buffer  value  ol  HCO     is  2.3 
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sl/mmol,  whereas  thai  of  HP04"  is  only  0.58  sl/mmol: 
thus,  the  molar  buffer  value  of  HCO,  is  4  times  that  of 
ordinary  buffers  like  HP042  .  The  mechanism  responsible 
for  the  4-fold  larger  buffer  value  of  bicarbonate  is  the 
disappearance  of  the  acid  (as  carbon  dioxide  gas)  resulting 
from  aeid  titration  of  HCO,  .  which  occurs  only  with  the 
H,CO,/HCO,  system  and  not  with  ordinary  buffers,  since 
the  aeid  form  of  the  buffer  pair  of  ordinary  buffers  remains 
in  solution. 

The  effects  of  an  acid  or  alkali  load  derived  from  any 
source  will  alter  the  composition  of  the  various  body  buff- 
ers, which  will  subsequently  interact  with  each  other  ac- 
cording to  the  isohydric  principle.4  This  postulate  dictates 
that  the  acid/base  ratio  of  all  the  different  buffer  pairs 
present  in  body  fluids  (such  as  H2CO,/HCO,  .  H,P047 
HP04:  .  protein  H* /protein")  is  altered  in  a  predictable 
manner  in  response  to  a  change  in  the  [H  f  ]  of  these  fluids. 
The  law  of  mass  action  is  defined  by  the  following  for- 
mula for  the  case  of  |H  +  ]: 


[H+]  =   K; 


[HA] 
2[A-] 


(I) 


wherein  A-  is  a  base  and  HA  is  a  weak  acid.  If  several 
buffers  are  in  solution,  the  relationships  among  the  buffer 
pairs  are  as  follows: 


[H+]  =  K, 


[H,CO,]            [H2P04~]_        [Protein  H+] 
K.,->,- ->_-,  —  Ka_r 


l[HCCV]     ^:[hpo42-] 


[Protein  ] 


(2) 


where  Kal,  Ka2,  and  Ka3  are  the  respective  dissociation 
constants  for  each  buffer  pair.  Since  the  buffer  pair  quan- 
tified in  clinical  practice  to  assess  acid-base  status  is  the 
HXO/HCCV,  we  use  the  following  formula,  known  as 
the  Henderson  equation: 


[H']  =  24  X 


CO: 


HCO, 


(3) 


In  this  equation,  the  [H  H  ]  is  expressed  in  nmol/L,  partial 
pressure  of  carbon  dioxide  (Pco)  >n  mm  Hg.  and  [HCO,  ] 
in  mmol/L.  To  obtain  hydrogen  ion  activity  as  pH,  the 
Henderson  equation  is  modified  by  taking  the  negative 
logarithm  of  each  side,  as  follows: 


pH  =  6. 1  +  log 


[HCO3-] 
0.03  x  PC0; 


(4, 


This  is  the  Henderson-Hasselbalch  equation,  which  uses 
the  same  units  for  Pco  and  |HCO,  1  as  the  Henderson 
equation. 


The  physiologic  control  of  |H  |  in  humans  is  not  ex- 
erted by  a  direct  effect  on  the  pH  of  body  fluids.1  :  Instead. 
acidity  is  modulated  by  altering  the  levels  of  the  compo- 
nents that  determine  [H'  |.  namely  P(  n  and  bicarbonate 
concentration;  whereas  Pco  is  regulated  by  the  lungs,  the 
plasma  bicarbonate  concentration  ([HCO,  L)  is  large  I  > 
regulated  by  the  kidneys.  It  must  be  recognized  that  the 
level  of  Pco,  in  body  fluids  is  determined  by  the  relation- 
ship between  CO-,  production  by  the  tissues  and  its  excre- 
tion by  the  lungs.  The  lungs  excrete  the  CO,  produced 
from  tissue  metabolism,  which  is  present  in  body  fluids  as 
dissolved  CO,  and  carbonic  acid.  Thus,  CO,  excretion  by 
the  lungs  maintains  a  constant  Pco  in  arterial  blood  and 
thereby  limits  the  accumulation  of  carbonic  acid.  With 
respect  to  the  concentration  of  bicarbonate  in  body  fluids. 
its  steady-state  value  results  from  ongoing  processes  that 
decompose  HCO,  .  counterbalanced  by  other  processes 
that  regenerate  it.  The  major  component  of  bicarbonate 
decomposition  is  the  release  of  fixed  acids  derived  from 
cellular  metabolism,  whereas  regeneration  of  bicarbonate 
stores  is  accomplished  by  proton-consuming  metabolic 
pathways  and  the  excretion  of  acid  by  the  kidneys. 

A  load  of  fixed  acids  (as  opposed  to  the  volatile  car- 
bonic acid)  titrates  the  bicarbonate  and  the  non-HCO," 
buffer  systems  of  all  body  compartments,  including  the 
intracellular  and  extracellular  fluids.  Although  the  buffer 
value  of  fluids  within  and  outside  cells  is  approximately 
equal  when  expressed  per  liter  (approximate!)  64  shkes). 
the  greater  amount  of  intracellular  fluid,  in  comparison 
with  the  extracellular  fluid  (ratio  is  1 .5: 1 ).  accounts  for  the 
greater  contribution  of  the  intracellular  buffers.  It  should 
be  recognized,  however,  that  the  fractional  contribution  of 
bicarbonate  and  non-HCO,"  buffers  in  each  fluid  is  sub- 
stantially different.  Whereas  HCO,-  accounts  for  approx- 
imately 36<7r  of  the  intracellular  fluid  buffer  value,  the 
non-HCO,"  buffers  (eg,  proteins.  HP04:  )  account  for  ap- 
proximately b49c  of  this  value.  The  contribution  of  HCO," 
to  the  buffer  value  of  extracellular  fluid  is  very  large, 
amounting  to  approximately  869K  and  the  remainder,  ap- 
proximately 14'7f.  is  from  non-HCO,  buffers.  Thus,  the 
fractional  contribution  of  the  two  buffer  systems  differs 
substantially  in  extracellular  fluid  with  respect  to  intracel- 
lular fluid.'  : 

In  contrast  with  the  response  to  a  load  of  fixed  acids. 
which  titrates  the  bicarbonate  as  well  as  the  non-HCO," 
buffer  systems,  the  volatile  carbonic  acid  challenges  ex- 
clusively the  non-HC03"  buffer  system.2-5"7  Thus,  the  non- 
HCO,'  buffer  system  can  be  precisely  assessed  bj  titration 
with  CO,  »as  as  follows: 


CO,  +  H:0  <->  H,CO,  ~  H*  +  HCO, 


HCO, 


H     +  Hul 


IIHuf  +  HCO, 


(5) 


(6) 
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Fig.  1 .  Relationship  between  initial  level  of  plasma  bicarbonate  concentration  (|HC03"]p)  and 
slope  of  [HCCVlp/arterial  partial  pressure  of  carbon  dioxide  (PaCo2)  regression  line 
(A[HC03"]p/APaCO2,  left)  or  slope  of  hydrogen  ion  concentration  ([H '  ])/PaCOr  regression  line 
(A[H']/APaCO,.  right)  for  all  acute  carbon  dioxide  titration  studies  in  dogs  with  chronic 
metabolic  (upper  panel)  or  chronic  respiratory  (lower  panel)  acid-base  disturbances.  Al- 
though the  buffering  response  of  animals  with  an  initial  low  [HC03~]p  (independently  of 
whether  it  resulted  from  either  a  chronic  metabolic  or  a  respiratory  disturbance)  was  greater 
than  those  with  an  initial  high  [HC03"]p,  the  observed  change  in  pH  was  larger  in  the  former 
group  because  of  the  mathematical  constraints  of  the  Henderson  equation.  (From  Refer- 
ences 6  and  7.  with  permission.) 


In  this  reaction  the  newly  generated  II '  resulting  From  the 
dissociation  or  1 1, CO,  is  picked  up  by  non-HCO,  buffers. 
The  amount  of  HC03  generated  during  the  CO,  titration 
is  identical  to  the  amount  of  H  removed  from  the  bod) 
fluids  by  the  non-HCO ,  buffers  Therefore,  the  change  in 
|HCO,  |p  per  unit  change  in  Pco  (A[HC03  1,,/AP, ,,  I  or 
per  unit  change  in  blood  pH  (A|HCO,  |p/ApH)  quantifies 
the  buffering  response  of  non-HCO,  buffers  (Fig.  1).  Of 
great  interest  is  the  observation  that  the  buffering  response 
of  animals  with  an  initial  low  [HC03  |p  (independent!)  o\ 
whether  it  resulted  from  either  a  chrome  metabolic  distur- 
bance or  a  respirators  disturbance)  v. as  greater  than  those 
with  an  initial  high  [HC03  |p.  However,  despite  the  more 


intense  buffering  defense,  the  observed  change  in  blood 
pH  was  larger  in  animals  with  low  [HC03  |p  because  o\ 
the  mathematical  constraints  of  the  Henderson  equation. 
Consequently,  the  presence  of  a  high  plasma  bicarbonate 
results  in  a  better  protection  in  terms  of  a  smaller  change 
in  pi  I  during  acute  hypereapnia.  in  spile  ol  a  more  limited 
buffering  response. 

Among  the  major  buffer  systems  involved  in  the  in  \  ivo 
response  to  an  acid  load,  in  addition  to  those  reviewed 
above,  are  the  bone  carbonates.8  This  reserve  o\  alkali 
stored  in  the  skeleton  amounts  to  a  total  of  approximately 
35,000  ml.q  m  an  adult  and  contributes  substantial!)  to  the 
buffering  capacity  of  the  body.  It  has  been  estimated  that 
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Table  I       Overview  ol  ll     Producing  and  H   -Consuming  Pathways  in  the  Metabolism  of  Carbohydrates,  Fats,  and  Proteins  (ie,  Amine  Acids) 


II     Producing  Pathways 


H '  -Consuming  Pathways 


Carbohydrates  Glucose  -»  2  Lactate  -1  2  11 

I  actate   •   NAD*  ->  Pyruvate  +  NADH  +  H* 

Fat  stores  Triglyceride —»  3  Fatty  acid  anions  •  3  H' 

Palmitate  •  6  O,  —  4  Ketone  anions  •    *  H  '    -2  H,0 

Proteins  2  NH.,'   +  CO,  -»  Urea  +  2  II  '    4   H.O  (neutral  amino  acids: 

I  NH., ' ;  tricarboxylic  ammo  acids:  I  NH  , '  :  basic  amino 
acids:  2  NH4') 

NAD        oxidixed  nicotinamide  adenine  dinucleotidc 
NADH      reduced  nicotinamide  adenine  dinucleotide 


2  Lactate  +  2  H  + 


■  Glucose 


3  Fatty  acid  anions  +  3  H'  — >  Triglyceride 

4  Ketone  anions  +  3H'   +2  H,0  -»  Palmitate 
Ketone  anions  +  H '   -»  CO,  +  H.O 

Amino  acids  — »  HCO, 

(neutral  amino  acids:  I  HCO,    ;  dicarboxylic  amino 
acids:  2  HCO,    .  basic  ammo  acids:   I   HC03    I 


about  40%  of  the  buffering  of  an  acute  acid  load  occurs  in 
the  bones.  The  proton  acceptance  by  the  skeleton  is  ac- 
companied by  the  release  of  Ca2+  or  Na ' .  Alternatively, 
HP04;  uptake  by  bone  tissues  from  the  extracellular  fluid 
may  accompany  the  H  f  acceptance.  Patients  with  chronic 
metabolic  acidosis,  especially  in  the  presence  of  chronic 
renal  failure,  develop  a  major  depletion  of  skeleton  min- 
eral content  that  is  partly  the  result  of  buffering  of  H+  by 
bone  carbonates. 


Generation,  Consumption,  and  Excretion  of 
Hydrogen  Ions 

The  major  source  of  hydrogen  ions  in  the  living  organ- 
ism is  the  reversible  reaction  of  hydrolysis  of  cellular  aden- 
osine triphosphate  (ATP),  as  follows: 


ATP4"  +  H,0  <-  ADP1     +  H+  +  HP04: 


(6) 


where  ADP  =  adenosine  5'-disphosphate.  In  turn,  the 
sources  of  ATP  are  the  oxidative  degradation  of  carbohy- 
drates, fats,  and  proteins,  as  explained  below.  In  addition, 
the  equilibrium  reaction  of  water  and  CO,,  the  end  product 
of  oxidative  metabolism,  results  in  the  daily  formation  of 
large  amounts  of  carbonic  acid. 

The  daily  production  of  fixed  acids,  commonly  referred 
to  as  "endogenous  acid  production."  is  approximately  70- 
100  mEq/d  (approximately  1.0-1.5  mEq  of  Hf/kg  body 
wt/d)  and  is  removed  from  body  fluids  by  the  kidney, 
according  to  the  classic  interpretation."  Consequently,  the 
daily  production  of  volatile  acid,  approximately  15.000 
mEq/d.  is  approximately  200-fold  that  of  fixed  acids  and 
explains  the  development  of  severe  acidemia  because  of 
C02  retention  within  minutes  of  a  respiratory  arrest, 
whereas  it  takes  days  to  reach  a  comparable  deviation  of 
acidity  as  a  result  of  retention  of  fixed  acids  in  the  absence 
nl  renal  function.  The  endogenous  acid  production  is  mostly 


composed  of  waste  products  and  other  substances  derived 
from  the  intermediate  metabolism  of  energy-rich  com- 
pounds. The  relatively  small  net  daily  production  of  acids 
in  the  normal  state  occurs  in  the  presence  of  a  large  proton 
generation  and  proton  consumption  in  major  metabolic 
pathways  of  carbohydrates,  lipids,  and  proteins.1 

Glycolysis  is  the  proton-producing  pathway  from  car- 
bohydrates, leading  to  the  synthesis  of  lactic  or  pyruvic 
acids.  Conversely,  regeneration  of  glucose  from  lactic  acid 
or  complete  oxidation  of  the  latter  to  CO,  and  w  ater  con- 
sumes hydrogen  ions  (Table  1 ).  It  has  been  estimated  that 
approximately  1,300  mmol  of  lactate  and  H+  enter  the 
circulation  in  a  resting  70  kg  subject  every  24  hours,  and 
an  almost  identical  amount  of  this  organic  acid  is  removed 
by  the  tissues,  mostly  the  liver.  A  large  imbalance  between 
synthesis  and  consumption  of  lactic  acid  is  responsible  for 
the  development  of  various  forms  of  lactic  acidosis. 

Lipolysis  in  peripheral  tissues  produces  fatty  acids,  which 
in  turn  can  undergo  partial  oxidation,  leading  to  the  for- 
mation of  ketoacids.  Proton  production  through  these  path- 
ways amounts  to  about  300  mmol/d  in  normal  individuals, 
and  an  almost  identical  quantity  of  these  acids  is  con- 
sumed with  the  synthesis  of  triglyceride  and  fatty  acids 
(see  Table  1 ).  However,  a  large  imbalance  between  deg- 
radation and  synthesis  of  body  fats  is  observed  in  states  of 
diabetic,  alcoholic,  or  starving  ketoacidosis.  In  alcoholic 
ketoacidosis,  a  condition  that  reflects  an  abnormal  fatty 
acid  oxidation  with  low  caloric  intake  or  recurrent  vomit- 
ing, serum  lactate  is  also  commonly  increased. 

Disposal  of  ammonium  (NH4")  during  oxidation  of 
amino  acids  in  an  individual  with  100  g  of  dietary  protein 
intake  generates  approximately  1.000  mmol/d  of  H  bv 
the  liver  in  the  process  of  urea  synthesis.  However,  an 
identical  H  *  load  is  consumed  in  body  tissues,  with  com- 
plete oxidation  of  the  carbon  skeletons  of  amino  acids  if 
the  protein  entirely  consists  of  neutral  amino  acids.  During 
oxidation,  dicarboxylic  amino  acids  (glutamate  and  aspar- 
tate) generate  2  HCO,     for  each  NH4    .  whereas  basic 
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fable  2       Effects  and  Consequences  ol  Acidemia  on  H    Producing  Pathway;  fi Oxidation  of  Protein  (ie,  Vmino 


Direct  I  ffecl 


Kidnej      Increases  urinary  NR,    excretion 


l  ivei        Vlters  nitrogen  disposal  pathways 

\u"iiK'nis  L'lui.unnK'  s\ mhesis 
delivering  substrate  i<>  kidnej 
Decreases  urea  synthesis 


Indira  i  I  ffecl 


Consequences 


Mkalinizing  effect  secondary  to 
decrea  ed  M    production 


— »    i  ivei        Reduces  suppl)  ol  Ml,    foi  urea 
synthesis 

t 
-»    Kidney:     Increased  urinary  NR,    excretion  -»    Alkalizing  effect  seconds 

decreased  II    produi  in >ri 


amino  acids  (eg,  lysine)  generate  2MI,  foi  each  HCO," 
iscc  Table  I).  Excess  protons  are  also  produced  during 
degradation  of  sulfur-containing  amino  acids  by  the  oxi- 
dation of  sulfur.  In  well-fed  subjects  the  type  of  proteins  in 
the  die!  largely  account  for  differences  in  the  net  daily 
production  of  fixed  acids.  Conversely,  in  starved  subjects 
the  utilization  of  endogenous  proteins  determines  the  net 
acid  production  from  this  energy  source.  An  imbalance 
between  the  proton  load  generated  by  urea  synthesis  and 
the  bicarbonate  production  from  oxidation  of  the  carbon 
skeletons  o\  amino  acids  can  lead  to  a  deviation  of  the 
normal  acid-base  status.  Furthermore,  states  of  abnormal 
acid-base  composition  have  a  major  influence  on  proton 
generation  and  consumption  in  major  metabolic  pathways, 
as  described  below . 

Acidemia  of  both  metabolic  and  respiratory  origin  in- 
hibits glycolysis,  whereas  alkalemia  stimulates  it.1""  This 
effect  is  mediated,  at  least  in  part,  by  the  pH-sensitive 
enzyme  phosphofructokinase,  that  plays  a  key  rate-limit- 
ing role  in  glycolysis.  Acidemia  also  stimulates  renal  lac- 
tate utilization,  but  inhibits  hepatic  lactate  utilization.  In 
addition,  acid-base  balance  alters  ketoacid  metabolism  in  a 
manner  comparable  to  that  of  lactic  acid.12  A  low  systemic 
pH  inhibits  ketoacid  production,  whereas  a  high  pH  stim- 
ulates it.  Consequently,  there  is  a  pH  feedback  control  of 
endogenous  acid  production.  Under  conditions  of  exces- 
sive lactic  or  ketoacid  production,  the  resultant  acidemia 
feeds  back  to  inhibit  the  rate  of  endogenous  acid  produc- 
tion, therein  serving  as  a  protective  mechanism.  Similarly, 
amino  acid  oxidation  is  substantially  altered  in  response  to 
changes  in  systemic  acidity.  Hepatic  urea  synthesis  and  its 
associated  proton  generation  (2  H  '  are  generated  per  mol- 
ecule of  urea  synthesized)  are  inhibited  h>  a  low  systemic 
pH.  Conversely,  alkalemia  stimulates  urea  synthesis  and 
therefore  leads  to  increased  proton  generation,  facilitating 
correction  of  the  altered  systemic  acidity.  Acidemia  also 
has  a  direct  effect  on  the  kidney,  which  increases  urinary 
\H4  excretion,  therebv  facilitating  nitrogen  disposal  and 
promoting  proton  excretion.  Table  _  provides  a  synopsis 
of  the  direct  and  indirect  effects  of  acidemia  on  the  liver 
and  kidney . 


Intracellular  Acid-Base  Regulation 

The  mechanisms  responsible  for  maintaining  optimal 
intracellular  acidity  include  buffering  (largely  bv  cellular 
proteins),  modulation  of  the  rate  of  ATP  hydrolysis,  and 
disposal  of  hydrogen  ions  into  the  extracellular  fluid.  The 
first  two  mechanisms  have  been  briefly  reviewed  in  the 
previous  sections. 

Evaluation  of  the  cellular  disposal  of  protons  tovv  ard  the 
extracellular  fluid  requires  consideration  of  the  transmem- 
brane gradient  of  hydrogen  ions.- '  *  The  Nernst  equation 
establishes  that  if  a  negative  cell  interior  of  58  mV  (resting 
membrane  potential)  and  an  extracellular  pH  of  7.40  lie. 
40  nmol/L)  are  present,  the  intracellular  hydrogen  concen- 
tration should  be  10-fold  higher  (ie.  400  nmol/L  or  pH 
6.40)  to  satisfy  electrochemical  equilibrium  (passive  dif- 
fusion of  protons  across  the  cell  membrane). :  Considering 
that  the  resting  membrane  potential  of  man)  cells  is  higher 
than  -58  mV  (eg.  -80  mV).  the  expected  cell  acidity  should 
be  even  lower  than  pH  6.40.  Since  cellular  pH  is  7.00  or 
higher,  the  cells  must  have  active  mechanisms  for  proton 
extrusion  that  account  for  the  distribution  of  hydrogen  ions 
above  electrochemical  equilibrium.  The  membrane-bound 
Na *-H  '  antiporter.  a  mechanism  of  proton  extrusion 
present  in  many  cells,  uses  the  energy  derived  from  the 
electrochemical  gradient  for  sodium  across  the  membrane, 
which  favors  movement  of  sodium  into  the  cell,  for  active 
extrusion  of  protons. 

Changes  in  cellular  metabolism  that  either  accelerate  or 
retard  the  production  of  fixed  acids  in  response  to  changes 
in  systemic  pH  are  also  important  for  acid-base  homeosta- 
sis, as  previously  mentioned.  Alkalemia  stimulates,  whereas 
acidemia  inhibits,  the  production  of  organic  acids  such  as 
lactic  and  ketoacids.  Thus,  the  tissue  metabolic  response 
appears  to  be  aimed  at  preserving  the  normalcy  of  acid- 
base  equilibrium.  In  addition,  urea  production  is  inhibited 
by  acidemia  and  this  response  appears  to  he  bomeostatic  in 
nature,  since  ureagenesis  consumes  bicarbonate  ions.  Al- 
terations in  intracellular  acidity  activate  one  or  more  of  the 
various  mechanisms  that  facilitate  the  relative  constancy 
of  cell  pi  I 
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Pulmonary  Excretion  of  Volatile  Acid 

In  normal  individuals  maintaining  a  relatively  uniform 
level  of  activity  and  stable  diet,  the  daily  rate  of  CO, 
production  is  remarkably  constant.  During  maximal  exer- 
cise. C02  production  increases  by  as  much  as  20-fold,  but 
the  associated  hyperventilation  keeps  the  CO,  tension  in 
body  fluids  relatively  constant."  In  addition,  diets  very 
rich  in  carbohydrates  yield  greater  amounts  of  C02,  and  that 
effect  might  have  clinical  implications  in  patients  with  respi- 
rators failure  or  those  with  limited  ventilatory  reserve. 

The  uninterrupted  flow  of  blood  continuously  transports 
the  CO,  produced  by  the  tissues  to  the  lungs  for  excretion 
to  the  atmosphere.  Most  of  the  CO,  entering  the  circula- 
tion is  converted  to  nongaseous  forms  for  transport  by 
mechanisms  that  depend  largely  on  certain  properties  of 
hemoglobin,  a  critically  important  non-HC03~  buffer.15 
Yet  the  process  of  diffusion  is  the  fundamental  driving 
force  responsible  for  the  steady  flow  of  C02  from  the 
tissues  to  the  blood  and  from  the  blood  to  the  alveolar 
spaces  of  the  lungs.  Decomposition  of  carbonic  acid  pro- 
duced in  the  tissues  releases  H4,  which  is  buffered  by 
hemoglobin,  and  the  CO,  is  converted  to  other  molecular 
tonus  in  the  blood  stream,  including  bicarbonate  ions  and 
carbamino  compounds.16-19  Because  of  the  efficiency  with 
which  gaseous  CO,  is  transported  in  the  blood  from  tis- 
sues to  lungs,  a  remarkably  small  gradient  for  Pco ,  of 
only  about  6  mm  Hg.  is  required  (since  mean  tissue  Pco 
and  alveolar  Pco  are  approximately  46  mm  Hg  and  40 
mm  Hg.  respectively).  If  transport  of  CO,  occurred  exclu- 
sively as  physically  dissolved  gaseous  C02  in  plasma,  a 
partial  pressure  gradient  of  C02  between  tissues  and  lungs 
greater  than  10  times  the  normal  value  would  be  required 
to  secure  excretion  of  daily  C02  load. 

The  quantity  of  CO,  absorbed  by  whole  blood  is  a  direct 
function  of  Pco  level.  In  addition,  at  any  given  Pco  more 
CO,  can  be  carried  by  reduced  blood  than  by  oxygenated 
blood:  this  phenomenon  is  referred  to  as  the  Haldane  ef- 
fect. Conversely,  adding  CO,  or  hydrogen  ions  to  blood 
decreases  the  oxygen-binding  affinity  of  hemoglobin,  a 
phenomenon  known  as  the  Bohr  effect.  The  interactions 
between  the  Haldane  and  Bohr  effects  promote  optimal 
transport  of  both  oxygen  and  CO,,  enlarging  the  differ- 
ence in  oxygen  content  between  arterial  and  venous 
blood  and  reducing  the  arteriovenous  P(  ()  gradient  (Fig. 
2).  It  is  estimated  that  these  interactions  account  for  up 
to  409?  of  the  tissue  CO,  unloading  and  2(>'<  of  tissue 
02  uptake. 

The  bulk  of  CO,  transported  to  the  lungs  lor  excretion 
is  carried  in  the  form  of  bicarbonate  ions.  The  higher 
[HC03  I  in  venous  blood  than  in  arterial  blood  is  precisely 
due  to  the  CO,  released  from  the  tissues  and  added  to  the 
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Fig.  2.  Physiologic  changes  in  oxygen  and  carbon  dioxide  binding 
to  hemoglobin.  The  upper  panel  depicts  the  Bohr  effect,  which 
maximizes  the  difference  in  arteriovenous  oxygen  content  as  a 
result  of  changes  in  the  binding  affinity  of  hemoglobin  for  oxygen; 
these  changes  are  caused  by  the  uptake  or  release  of  carbon 
dioxide  in  peripheral  tissues  and  lungs,  respectively.  The  lower 
panel  depicts  the  Haldane  effect,  which  minimizes  the  difference 
in  arteriovenous  C02  tension  as  a  result  of  changes  in  the  binding 
affinity  of  hemoglobin  for  C02;  these  changes  are  caused  by  the 
uptake  or  release  of  oxygen  in  lungs  and  tissues,  respectively. 
(From  Hsia  CCW.  Respiratory  function  of  hemoglobin.  N  Engl  J  Med 
1998;338(4):239-247,  with  permission.) 


blood  for  excretion  to  the  atmosphere.  Venous  blood 
|HCO,"l  >s  about  2  mEq/L  (mmol/L)  higher  than  the  ar- 
terial value,  and  this  arteriovenous  [HCO3  ]  difference  may 
be  used  to  estimate  the  daily  rate  of  carbonic  acid  produc- 
tion. The  product  of  the  arteriovenous  difference  of 
[HCO,  |/L  of  blood  and  the  cardiac  output  in  liters  per 
minute  yields  the  CO,  production  in  mmol/L.  This  value 
multiplied  by  1. 440  minutes  (per  day  1  provides  the  daily 
CO,  production  in  mmol.  Thus.  2  mEq/L  X  5  L/min  o\ 
cardiac  output  x  1.440  min/d  =  14.400  mEq/d  (approxi- 
mately 15.000  mEq/d  carbonic  acid  production).  As  CO, 
diffuses  from  tissues  to  venous  blood,  it  passes  freely  into 
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red  cells,  where  il  is  rapid!)  hydrated  undei  the  catalytic 
influence  oi  carbonic  anhydrase  to  form  carbonic  acid 

carbonic 

CO    •  H;()       —        II  (O  •  •  H     ■  HCO  (7) 

anhydrase 

\-  carbonic  acid  concentration  rises,  hemoglobin  is  ti- 
trated .iml  therein  generates  bicarbonate  ions.  The  buffer- 
ing abilit)  oi  hemoglobin  is  great!)  enhanced  bj  the  re- 
duced oxygen  tension  prevailing  in  venous  blood,  because 
the  dissociation  constant  (pK')  of  reduced  hemoglobin  is 
higher  than  that  ol  oxyhemoglobin.  A  lesser  but  substan- 
tial portion  of  the  C02  entering  the  erythrocyte  combines 
direetK  and  reversibl)  with  certain  amino  groups  oi  the 
hemoglobin  molecule  to  form  carbamino  compounds. 

The  entire  sequence  of  events  that  result  in  the  transfer 
of  ('().  from  the  tissues  to  the  hlood  stream  is  reversed  in 
the  pulmonarj  capillaries.  Because  the  CO:  tension  in  the 
alveolar  atmosphere  is  lower  than  that  in  the  blood  com- 
partment (ie,  4(1  mm  Hg  and  46  mm  Hg.  respectively),  the 
prevailing  CO,  pressure  gradient  allows  for  the  unloading 
of  CO,.  The  reduction  in  PC()  of  the  hlood  perfusing  the 
pulmonarx  alveoli  results  in  local  alkalemia  that  challenges 
hemoglobin  and  other  non-HCO,  buffers  of  the  blood. 
Thus,  these  compounds  release  hydrogen  ions  that  titrate 
both  intraerythrocytic  and  plasma  bicarbonate  ions,  pro- 
ducing carbonic  acid.  Because  oxygenation  of  hemoglobin 
transforms  this  compound  into  a  stronger  acid,  the  release 
of  hydrogen  ions  bj  hemoglobin  is  further  enhanced.  The 
newlj  generated  carbonic  acid  is  rapidly  dehydrated  by 
red  blood  cell  carbonic  anhydrase  and  by  carbonic  anhy- 
drase located  on  the  endothelial  surface  of  the  alveolar 
capillaries.20-21  In  fact,  the  carbonic  anhydrase  of  the  pul- 
monale capillaries  has  been  shown  to  increase  the  effi- 
ciency of  CO,  transfer  across  the  alveolar-capillary  mem- 
brane.:-  :i  Consequently,  inhibition  of  carbonic  anhydrase 
of  red  cell  and  lung  can  produce  respiratory  acidosis.  Car- 
bonic anhydrase  is  also  found  in  the  epithelium  of  the 
small  airways  and  participates  in  the  actions  of  CO,  on 
bronchial  tone.  The  concept  of  direct  effects  of  CO,  on 
airway  resistance,  including  hypocapnie  bronchoconstric- 
tion  and  hypercapnic  bronchodilation.  is  well  established 
and  presumably  involves  carbonic  anhydrase-cataly/ed 
changes  in  local  H  '  concentration.  Furthermore,  if  has 
been  proposed  that  carbonic  anhydrase  located  in  the  air- 
way epithelium  participates  in  matching  alveolar  ventila- 
tion to  the  respective  level  of  capillar)  perfusion  in  dif- 
ferent lung  regions.-"-"  Carbamino  CO,  is  also  released 
for  excretion.  The  high  permeability  of  the  alveolar  cap- 
illar) membrane  to  CO,  (about  20  times  greater  than  that 
to  O,)  allows  for  the  rapid  equilibration  of  the  CO,  tension 


between  blood  and  alveola]  compartments,  which  occurs 
within  a  fraction  ol  the  transit  time  ol  the  red  blood  cells 
along  the  pulmonarj  t  apillaries. 

Alveolai  ventilation  (ie,  the  volume  ol  fresh  inspired 
gas  entering  the  alveoli)  is  inversel)  related  to  arterial 
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where  V< ,,  is  the  volume  of  CO,  expired  per  unit  ol  time. 
(VA)  is  alveolar  ventilation,  and  K  is  a  constant.  Conse- 
quently, alveolar  hypoventilation  leads  to  hypercapnia  and 
alveolar  hyperventilation  results  m  hypocapnia 

Renal  Excretion  of  Fixed  Acids 

The  kidneys  are  involved  in  the  disposal  of  the  fixed 
acids  produced  daily.  Since  acid  production  and  excretion 
are  identical  in  a  steady  state,  measurement  of  unnarv  acid 
excretion  permits  quantification  of  net  acid  production 
This  precise  linkage  between  the  tissue  production  of  acids 
and  the  renal  excretion  of  acids  occurs  as  follows.  The 
release  of  fixed  acids  from  the  cells  generates  H '  and 
anions.  The  H~  decomposes  extracellular  HCO,  .  which 
is  excreted  as  CO,,  and  the  anion  binds  the  Na  '  pre\  iousl) 
bound  to  the  decomposed  bicarbonate.  The  amount  of  de- 
composed bicarbonate  is  identical  to  the  amount  of  added 
fixed  acids  of  both  organic  and  inorganic  origin.  The  so- 
dium salts  of  the  fixed  acids  released  b\  the  tissues  reach 
the  kidnev  for  excretion.  To  maintain  acid-base  balance, 
the  kidney  must  fully  reclaim  the  filtered  HCO,  as  a  first 
step  in  accomplishing  its  task  of  excreting  the  daily  acid 
load.  Daily  renal  HCO,  reabsorption  is  approximate!) 
4.320  tnEq/d  (180  L/d  of  glomerular  filtration  rate  X  24 
mEq/L  of  [HCO,-]).  Thus,  the  magnitude  of  H  '  secretion 
required  to  reclaim  all  the  filtered  HCO,  is  approximate!) 
50  times  greater  than  that  required  for  net  daily  acid  ex- 
cretion. Reclamation  of  filtered  bicarbonate  involves  se- 
cretion of  hydrogen  ions  into  the  luminal  fluid,  leading  to 
the  net  removal  of  luminal  bicarbonate  and  its  incorpora- 
tion to  the  intravascular  compartment.  The  proximal  tu- 
bule is  the  site  of  most  bicarbonate  reclamation  (reabsorp- 
tion) of  the  filtered  bicarbonate.28  This  process  is  largely 
(about  2/3  of  total)  mediated  by  an  Na+-H  '  antiporter  that 
exchanges  one  sodium  for  one  proton.  A  vacuolar  H ' 
pump  is  responsible  lor  the  remaining  one  third  of  the 
proximal  tubular  bicarbonate  reabsorption.  The  Na  II 
antiporter  represents  a  secondary  acme  transport  that  has 
the  low  intracellular  [NaH  |  as  the  driving  force  lor  H" 
secretion.  The  low  intracellular  [Na+]  is  in  turn  produced 
by  the  basolatcral  Na  ' -K '  pump  ( primary  active  trans- 
port). 
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fable  I       Normal  Acid-Base  Composition 
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Fig.  3.  Dependence  of  bicarbonate  concentration  on  partial  pres- 
sure of  carbon  dioxide  in  artenalized  venous  blood  (PavCo)  in  tne 
normal  state.  The  90%  confidence  region,  depicted  as  a  solid  line. 
is  for  a  simple  blood  sample.  (From  Reference  29,  with  permis- 
sion.) 


Normal  Acid-Base  Composition 


Complete  reabsorption  of  the  filtered  HCO,  .  although 
of  critical  importance  for  the  maintenance  of  acid-base 
balance,  is  not  responsible  for  renal  excretion  of  the  met- 
abolically  produced  acids.1-2  To  accomplish  the  "net  acid 
excretion"  the  kidney  must  regenerate  the  HCO,  decom- 
posed in  the  tissues  by  exchanging  the  cation  (usually 
Na '  )  bound  to  the  filtered  anion  (organic  or  inorganic. 
derived  from  the  endogenous  acid  production)  for  H+  se- 
creted by  the  renal  tubules,  thus  producing  the  urinary 
titratable  acidity.  The  hydrogen  ions  secreted  for  bicarbon- 
ate regeneration  are  buffered  in  the  tubular  lumen  by  ti- 
tratable buffers  and  by  ammonia  (NH,).  Excretion  of  acid 
by  the  kidney  wiih  simultaneous  maintenance  of  Na+  and 
K  '  balance  is  also  accomplished  by  the  production  within 
the  kidnej  of  the  organic  cation  NH4+,  which  can  be 
excreted  with  the  filtered  anion.  Secretion  of  H'  in  the 
distal  nephron  occurs  mostly  in  the  alpha  intercalated  cell 
of  the  collecting  duct.  These  cells  secrete  protons  to  the 
luminal  fluid  by  an  H'  ATPase  and  an  H+/K+  ATPase. 
Whereas  the  H  '  ATPase  is  an  electrogenic  pump,  the 
II  /K  ATPase  is  electroneutral.  The  regulation  of  distal 
acidification  is  mediated  by  changes  in  hydrogen  secretion 
by  the  intercalated  cells  ol  the  collecting  duct. 

To  simplify  matters  we  indicated  that  the  H'  derived 
from  fixed  acids  generated  by  cell  metabolism  decompose 
exclusively  extracellular  bicarbonate,  but.  in  fact,  these 
acids  titrate  all  body  buffers  and  the  explanation  provided 
also  applies  for  the  case  of  non-HCO,  buffers.  In  sum- 
mary, the  role  of  the  kidney  in  acid-base  balance  resides  in 
the  modulation  ol  [HC03  L.  This  is  done  by  adjusting  the 
nel  acid  excretion  (sum  of  titratable  acidity  and  urinary 
NH4 '  i  to  a  level  thai  will  maintain  normal  acid-base  bal- 
ance. Under  most  conditions,  nel  acid  excretion  is  pre- 
cisely adjusted  in  accordance  to  "endogenous  acid  produc- 
tion," dietary  intake  of  acid/alkali,  and  bicarbonate  loss  m 
normal  stools  of  20-40  mmol/d. 


The  |H'  |  of  extracellular  fluid  is  maintained  at  rela- 
tively low  levels  or.  in  other  words,  in  the  alkaline  range 
by  homeostatic  mechanisms  that  result  in  a  20:1  ratio  of 
|HCO,  ]  to  HX'O,,  when  the  values  are  expressed  in 
mmol/L.  Table  3  shows  the  normal  blood  acid-base  com- 
position in  adulis.  These  values  arc  notably  stable  in  each 
subject.  Thus,  daily  variations  in  resting  values  for  arterial 
partial  pressure  of  carbon  dioxide  lP.,l(,  i  and  (HCO,  ]p 
rarely  exceed  2-3  mm  Hg  and  1-2  mEq/L.  respectively. 
On  the  other  hand,  normal  values  for  plasma  bicarbonate 
in  humans  range  from  22  to  27  mEq/L.  but  the  factors 
accounting  for  this  considerable  variability  had  never  been 
systematically  examined.  However,  studies  summarized  in 
Figure  3  and  Table  4  have  addressed  this  issue.  As  shown, 
values  for  plasma  bicarbonate  concentration  within  the  nor- 
mal range  are  highly  dependent  on  the  prevailing  level  of 
Paco  -29  This  relationship  appears  to  account  for  a  substan- 
tial fraction  of  the  variability  in  the  level  of  plasma  bicar- 
bonate encountered  among  normal  humans.  Indeed,  the 


Tabic  4.      Normal  Plasma  Acid-Base  Values  in  Artenalized  Venous 
Blood  at  Different  Carbon  Dioxide  Tension  Levels 
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correlation  coefficienl  ol  ihe  relationship  between  plasma 
bicarbonate  and  I',,,  (r  =  0.73)  in  arterialized  venous 
blood  observed  in  those  studies  indicates  thai  some  509i 
(r  =  0.53)  of  the  variability  in  normal  plasma  bicarbonate 
concentration  in  humans  is  attributable  simply  to  the  dis 
tribution  ol  normal  Pa) , ,  values 

rhe  sources  of  the  residual  variability  remain  uncertain. 
However,  among  normal  subjects  dietary  differences  prob 
ably  play  some  role  (see  below  |,  ["he  data  indicate  that  in 
normal  humans  .1  variation  of  I  mm  Hg  in  I',,,  from 
arterialized  venous  blood  is  associated  with  a  ()  to  mbq/L 
change  in  the  same  direction  in  |HCO,  |p.  Limits  of  the 
909  joint  confidence  region  for  plasma  acid-base  values 
at  different  levels  of  arterialized  venous  l\  ,,  show  that  in 
normal  individuals  with  I',  ,,  of  45  mm  11;:.  the  expected 
[HC03  |pand  blood  pH  are  25  2S  m£q/L  and  7.35-7.40. 
respectively,  whereas  in  subjects  with  P, ,,  of  38  mm  Hg, 
the  expected  I  HO).  |  and  blood  pH  are  in  the  range  of 
23  25  mEq/L  and  7.38-7.43.  respectively.29  Ihe  diffei 
ence  in  acid-base  composition  between  arterial  and  venous 
blood  from  a  resting  extremity  is  small:  venous  blood  pll 
is  0.01  to  0.03  lower.  Pco  is  about  6  mm  Hg  higher,  and 
|HCO,  ]  is  about  2  mEq/L  higher  than  that  ol  arterial 
blood.  The  higher  I5,  ,,  in  venous  blood  reflects  the  inter- 
position of  peripheral  tissues,  which  add  C02  to  venous 
blood  Venous  blood  can  be  "arterialized"  in  vivo  by  warm- 
ing up  the  hand  at  45  C  for  10  minutes — a  procedure  thai 
renders  the  arteriovenous  acid-base  differences  negligible. 

Several  physiologic  factors  modify  the  acid-base  sta- 
tus.1 Compared  with  the  recumbent  position,  sitting  and 
standing  lowers  1',,,  by  about  3  and  4  mm  Hg.  respec- 
tively. Normal  women,  during  the  progesterone  phase  of 
the  menstrual  cycle,  have  PaCO  values  about  2 — 1  mm  Hg 
lower.  [HCO3  L  about  1  mEq/L  lower,  and  pH  about  0.01 
to  0.02  higher  than  in  men.  Women  develop  substantial 
hypocapnia  during  pregnancy,  most  notably  in  the  last 
trimester,  with  l',,< ,,  of  29-32  mm  Hg.  increased  alveolar 
ventilation  being  driven  by  the  high  progesterone  levels. 

Acid-base  composition  is  influenced  by  age.  Whereas 
normal  children  have  PaCO  values  of  33-37  mm  Hg  up  to 
age  3,  the  difference  is  progressively  minimized  such  thai 
PaCO  shifts  to  35-40  mm  Hg  by  age  15  years  and  becomes 
identical  to  adult  values  by  age  17  years. 

Diet  influences  the  acid-base  status  through  changes  in 
endogenous  acid  production.  Consequently,  a  small  but 
deteetable  decrease  in  both  (HCO,  |p  and  PaCO  is  ob- 
served with  a  meat  diet,  as  opposed  to  a  vegetable  diet: 
nonetheless,  despite  this  difference,  the  acid-base  values 
are  generally  maintained  within  the  normal  range.  High- 
altitude  residents  or  indi\  iduals  ascending  to  high  altitudes 
express  hypoxemia-induced  hyperventilation,  such  that  the 
acid-base  values  reflect  primary  hypocapnia  (respiratory 
alkalosis). 


Limitations  of  Arterial  Blood  Sampling 

liii   mo  1  commonly  used  means  to  assess  a  patient's 

acid-base  slalus  are  arterial  blood  pH,  I',,  ,,.  and  plasma 

bicarbonate  concentration   Measurement  ol  arterial  bl 

pll  and  Pa(  ,,   and  calculation  ol  plasma  bii  arbonate  are 
performed  in  the  blood  gas  laboratory,  whereas  measure 
ment  ol  plasma  total  CO    from  a  venous  blood  sample  is 
performed  in  the  chemistry  laboratory  (plasma  bicarbonate 

makes  up  about  95'  I  ol  total  C02,  such  thai  plasma  total  I  I  I 
and  bicarbonate  concentrations  are  used  interchangeably  >. 
The  information  obtained  using  arterial  blood  gas  sam 
pies  may  not  always  reflect  systemic  .aid  base  composi- 
tion.*" ;|  In  states  ol  severe  circulatory  failure,  arterial  hy- 
pocapnia may  coexist  with  venous  and.  therefore  with 
tissue  hypercapnia.  However,  the  body  CO,  stores  have 
been  enriched,  and  respiratory  acidosis  rathet  than  respi 
ratory  alkalosis  is  present  (Figs.  4  and  5).  This  entity, 
which  has  been  termed  pseudorespiratory  alkalosis,  devel- 
ops in  patients  with  profound  depression  ol  cardiac  tunc 
tion  and  pulmonary  perfusion  but  relative  preservation  ol 
alveolar  ventilation,  including  patients  with  advanced  cir- 
culatory failure  and  those  undergoing  cardiopulmonary  re 
suscitation.  The  severely  reduced  pulmonary  blood  How 
limits  the  C();  delivered  to  the  lungs  for  excretion,  thereby 
increasing  the  venous  Pco  .  On  the  other  hand,  the  in- 
creased ventilation-to-perfusion  ratio  causes  a  larger  than 
normal  decrease  of  C02  per  unit  of  blood  traversing  the 
pulmonary  circulation,  thereby  giving  rise  to  arterial  eu- 
capniaor  (rank  hypocapnia.  A  progressive  widening  ol  the 
arteriovenous  difference  in  pH  and  Pco  develops  in  these 
two  settings  of  cardiac  dysfunction,  namely  circulatory 
failure  and  cardiac  arrest  (see  Fig.  5).  Severe  oxygen  de- 
privation prevails  m  the  tissues  in  these  two  conditions, 
and  it  can  be  completely  disguised  In  the  reasonably  pre- 
served arterial  oxygen  values.  Appropriate  monitoring  of 
acid-base  composition  and  oxygenation  in  patients  with 
advanced  cardiac  dysfunction  requires  mixed  or  central 
venous  blood  sampling  (from  either  a  central  venous  cath- 
eter or  a  Swan-Ganz  catheter,  if  available)  in  addition  to 
the  sampling  of  arterial  blood. 

Alkali  Loading 

Because  bicarbonate-rich  solutions  are  frequently  pre- 
scribed, especially  in  intensive  care  units,  u  is  mandatory 
to  properly  understand  their  effects  on  acid  base  status 
To  determine  the  expected  response  to  an  alkali  infusion  in 
terms  o\  the  increase  in  |HC(),  |     it  is  necessary  to  ex 
piess  Us  value  in  milliequivalents  per  kilogram  of  body 
weight.  This  practice  allows  correction  foi  differences  in 
the  si/e  of  the  fluid  compartments  among  patients    \  sec 
ond  reason  foi  expressing  the  alkali  load  in  milliequiva 
lents  per  kilogram  of  body  weigh!  is  the  units  in  which  the 


Risi'iKuoio  C\ki  •  Ai'Kii   2001  Vol  46  No  4 


337 


Acid-Base  Physiology 

A  B 

Constant  Mechanical  Ventilation  Constant  Mechanical  Ventilation 

200 
150 


100 


fxO.01 


54  • 


48 
42 
36 
30 
24 


p<0.01 


Control  Vasodilation     Control        Hemorrhage     Transfusion 

Fig.  4.  Reduction  in  end-tidal  partial  pressure  of  carbon  dioxide  (PETcoT  arterial  partial 
pressure  of  carbon  dioxide  (PaCo2).  ar|d  central  venous  partial  pressure  of  oxygen  (Pcvo2)  as 
a  result  of  diminished  cardiac  index  because  of  (A)  pharmacologic  vasodilation  or  (B)  hem- 
orrhage (changes  reversed  by  transfusion)  in  the  presence  of  constant  pulmonary  ventila- 
tion. (From  Reference  30,  with  permission.) 


change  in  [HCO,")p  is  reported  (mEq/L).  Remember  that 
l  kg  of  body  fluid  amounts  to  about  1  L  of  fluid,  such  thai 
the  two  units  cancel  out  when  one  is  divided  by  the  other 
The  space  of  distribution  of  bicarbonate  can  be  viewed 
as  having  two  components:  an  anatomic  portion  and  a 
nonanatomic  one.  The  anatomic  portion  corresponds  to  the 
extracellular  fluid  volume  in  which  the  infused  HC03  is 
freely  dissolved.  The  nonanatomic  portion  is  a  theoretical 
space  large  enough  lo  accommodate,  al  the  prevailing 


[HCCVlp.  all  of  the  administered  HCO;  unaccounted  for 
by  the  anatomic  boundaries.  A  large  fraction  of  the  non- 
anatomic portion  corresponds  to  the  component  decom- 
posed by  the  body  buffers. 

The  major  influences  on  the  size  of  each  component  of 
the  '"bicarbonate  space"  are  as  follows.  The  anatomic  por- 
tion is  increased  in  patients  with  substantial  edema,  fea- 
turing a  major  expansion  of  extracellular  fluid  volume. 
The  opposite  is  true  lor  patients  experiencing  severe  volume 
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Fig.  5.  Simultaneous  means  (plus  standard  error)  of  arterial  and  central  venous  values  for  partial 
pressure  of  carbon  dioxide  (Pco,).  PH>  bicarbonate  concentration  ([HC031).  and  partial  pressure  of 
oxygen  (P0„)  in  patients  with  normal  hemodynamic  status,  patients  with  severe  circulatory  failure,  and 
patients  with  cardiac  arrest  undergoing  cardiopulmonary  resuscitation.  (From  Reference  32,  with 
permission.) 


depletion  (contraction  of  extracellular  fluid  volume).  The  non- 
anatomic  portion  is  largely  modified  by  two  factors: 

1.  The  initial  level  of  [HC03  |p,  because  low  [HC03  |p 
expands  the  HC03  space  and  high  [HC03  |p  contracts  it, 
and 

2.  The  time  elapsed  from  HC03  loading  to  that  of  the 
evaluation  of  the  plasma  bicarbonate  response. 

This  effect  is  caused  by  slow  equilibration  of  tissue 
buffers  as  well  as  by  the  effects  of  endogenous  acid  produc- 
tion. The  impact  of  the  initial  |HC().  |  and  time  elapsed  on 
the  bicarbonate  space  has  been  examined  experimental  I  \  in 
dogs  (Fig.  6)."  The  empirical  equation  obtained  from  those 
studies,  which  determines  the  magnitude  of  the  bicarbonate 
space  as  a  function  of  the  prevailing  plasma  bicarbonate  is.  at 
the  30-minute  mark  from  the  infusion,  as  follows: 


bicarbonate  space      0.36  + 


2.44 


[HC03    L 


(9) 


The  bicarbonate  space  of  normal  subjects,  measured  at 
50  minutes  following  alkali  administration,  is  approxi 
mutely  50'i  of  body  weight.  Patients  with  moderate  met- 


abolic acidosis  having  an  [HC03  |p  of  12-20  niEq/L  fea- 
ture a  bicarbonate  space  of  about  60-809!  of  bod)  weight. 
whereas  those  with  extreme  metabolic  acidosis  ne. 
[HCO,~]p  ^  5  mEq/L)  can  exhibit  a  bicarbonate  space  that 
exceeds  100%  of  body  weight.  A  reduction  in  the  bicar- 
bonate space  is  observed  in  metabolic  alkalosis,  average 
values  being  in  the  range  of  30  40'.  of  bodv  weight.  As 
shown  in  Figure  6.  there  is  a  substantial  time-dependenl 
increase  of  the  bicarbonate  space,  which  averages  about 
10%  of  body  weight  at  60  minutes. 

Let  us  now  determine  the  expected  increase  in  1 1  ICO,  L 
in  response  to  administering  4  mEq/kg  bodv  weight  of 
NaHC'O,  to  a  normal  individual  whose  weight  is  50  kg  (ie, 
200  mmol  of  alkali).  In  the  normal  state,  the  apparent  space 
of  distribution  of  the  alkali  I  bicarbonate  space >  is.  as  ex 
plained  above,  approximately  50$  ol  bodv  weight;  thus,  the 
expected  increase  in  [HCO,  |    in  our  subject  is  as  follows: 


A[IICO,  ]P  = 


4  mEq/kg  (alkali  load) 


0.5  lie.  50'  I  .  bicarbonate  space  I 

=  8mEq/l      (10) 
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Fig.  6.  Relationship  between  initial  extracellular  bicarbonate  concentration  ([HC03~]) 
and  apparent  bicarbonate  space  following  sodium  bicarbonate  infusion.  The  left-hand 
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dogs  with  respiratory  acid-base  disturbances.  Filled  triangles  denote  values  in  dogs 
with  normal  acid-base  status.  (From  Reference  33,  with  permission.) 


This  calculation  demonstrates  that  the  expected  increase 
in  [HC03"]p  after  an  alkali  load  in  the  presence  of  a  nor- 
mal bicarbonate  space  amounts  to  the  alkali  load  expressed 
in  milliequivalents  per  kilogram  of  body  weight  multiplied 
by  2.  As  indicated  by  the  above  equation,  dividing  the 
administered  HC03  load  by  the  observed  change  in 
|HCO, "|  permits  an  empiric  estimation  of  the  bicarbonate 
space.  For  example,  if  administration  of  an  alkali  load  of 
4  mEq/kg  of  body  weight  had  resulted  in  a  change  in 
(HC03"]p  of  5  mEq/L.  the  bicarbonate  space,  expressed  as 
a  percentage  of  body  weight,  would  be  as  follows: 


bicarbonate  space  = 


4  mEq/kg  (alkali  load) 

5  mEq/L  (A[HC03_]p) 


x  100 


80%     (11) 


Administering  1  mEq  of  sodium  bicarbonate  (ie,  1  ml. 
of  the  usual  1-N  preparation)  per  kilogram  of  the  patient's 
body  weight  will  increase  plasma  bicarbonate  by  I  or  2 
mEq/L  for  a  bicarbonate  space  of  100%  or  50%  of  bodj 


weight,  respectively.  Being  mindful  of  the  possibility  of 
overtreatment.  we  recommend  that  bicarbonate  require- 
ments be  calculated  on  the  basis  of  a  bicarbonate  space  of 
50%  of  body  weight.  Thus,  to  raise  plasma  bicarbonate 
from  an  initial  value  of  4  mEq/L  to  a  target  value  of  8 
mEq/L,  one  should  administer  2  mEq  of  sodium  bicarbon- 
ate per  kilogram  of  the  patient's  body  weight.  Except  in 
the  case  of  extreme  acidemia,  sodium  bicarbonate  should 
be  dispensed  as  an  infusion  (over  several  minutes  to  a  few 
hours)  rather  than  as  a  bolus.  Subsequent  monitoring  of  the 
patient's  acid-base  status  will  determine  whether  additional 
alkali  will  need  to  be  administered.  In  this  regard,  about  30 
minutes  must  elapse  following  completion  of  the  infusion 
before  the  clinical  effect  of  a  bicarbonate  load  is  judged. 

Acid  Loading 

Acid  infusions  are  occasionally  used  in  the  management 
of  patients  with  metabolic  alkalosis,  especially  when  the 
pace  of  correction  of  the  disorder  must  he  accelerated. 1: 
The  distribution  of  an  acute  acid  load  within  bod\  fluids  is 
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virtuall)  complete  within  20  it >  JO  minutes  Buffering  ol 
the  hydrogen  ions  takes  place  promptlj  in  the  extracellular 
fluid  and  within  cells,  and  the  relative  buffering  contribu 
tion  of  each  of  these  compartments  occurs  at  a  1:2  ratio 
Computation  of  the  amount  of  acid  to  be  infused  is  based 
on  a  volume  ol  distribution  ol  the  acid  load  equal  to  a 
bicarbonate  space  of  5091  of  bod)  weight.  The  solution 
most  commonl)  used  is  0.1  N  hydrochloric  acid  (HC1), 
thus  containing  100  mEq  of  H  '/I..  To  reduce  plasma  bi- 
carbonate concentration,  for  example,  from  50  mEq/L  to 
40  mEq/L  in  a  70  k;j  patient,  the  amount  of  II  required 
can  be  estimated  as  10  X  70  X  0.5,  or  350  mEq.  This 
amount  of  11  is  contained  in  3.5  I.  of  HC'I  solution.  Some 
clinicians  might  find  it  more  expedient  to  base  the  pre- 
scription on  the  tact  that  infusion  of  5  mL  of  HC1  solution 
per  kilogram  of  the  patient's  body  weight  will  decrease 
plasma  bicarbonate  concentration  by  about  I  mEq/L — a 
proportionality  that  incorporates  the  values  for  the  bicar- 
bonate space  and  the  normality  of  the  solution.  Although 
high!)  effective,  infusion  of  HC1,  as  well  as  other  acidi- 
fying agents  (eg.  \H,('I.  arginme  monohydrochloride). 
entails  considerable  risks. 
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Metabolic  acidosis  occurs  in  a  number  of  diseases  and  even  certain  normal  activities  such  as  heavy 
exercise.  It  arises  from  increased  endogenous  acid  production,  exogenous  acid  (or  acid-precursor) 
administration,  base  losses,  and  depression  of  renal  acid  secretion.  Although  the  magnitude  of 
acidosis  is  important,  the  ultimate  pathophysiological  impact  of  any  metabolic  acidosis  is  denned  by 
the  rate  of  change  and  the  specific  cause  of  the  acidosis.  This  review  discusses  whole  body,  organ, 
and  cellular  effects  of  metabolic  acidosis,  its  diagnosis  by  pathophysiologic  categories,  and  treat- 
ment. The  diagnosis  is  made  by  a  synthesis  of  the  clinical  history,  physical  examination,  other 
hematological  values,  serum  and  urinary  chemistries,  and  arterial  blood  gases  and  electrolytes. 
Calculation  of  the  anion  and  osmolal  gaps  can  be  effectively  used  to  further  narrow  the  diagnostic 
possibilities.  Supportive  care  and  therapy  directed  at  the  cause  of  the  metabolic  acidosis  are  the 
mainstays  of  treatment,  since  most  acidotic  states  will  spontaneously  correct  once  the  initiating 
cause  is  removed  or  reversed.  Theoretical  and  clinical  evidence  are  discussed  for  alkalinizing  agents, 
whose  use  remains  controversial  except  in  the  treatment  of  metabolic  acidosis  associated  with 
hyperkalemia  and  certain  drug  or  toxin  ingestions.  Key  words:  metabolic  acidosis,  acid-base,  aci- 
dosis, alkalosis,  bicarbonate  therapy,  respiratory  compensation,  intracellular  pH.  [Respir  Care  2001: 
46(4):342-3531 


Introduction 

Metabolic  acidosis  is  a  common  problem  accompanying 
and  complicating  a  large  number  of  diseases,  especially 
those  in  critically  ill  patients,  whose  care  routinely  in- 
volves respiratory  therapists.  Thus,  a  basic  understanding 
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of  acid-base  pathophysiology  at  the  cellular,  organ,  and 
whole  body  level  is  ke\  to  understanding  the  diagnostic 
and  therapeutic  approaches  to  metabolic  acidosis.  This  re- 
view focuses  largely  on  the  common  varieties  of  metabolic 
acidosis  encountered  in  hospital  practice,  emphasizing  the 
need  to  appreciate  the  multiple  causes  of  metabolic  acido- 
sis, gauge  their  severity .  and  pro\  ide  cause-related  therapy 
and  base  repletion  when  appropriate. 

Pathophysiology 

Metabolic  acidosis  can  be  defined  as  a  pathophysiologic 
process  characterized  b\  primary  decrease  in  plasma  bi- 
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carbonate  concentration  i«>  less  than  22  ml-.q/l  ( Ithei  non 
bicarbonate  alkaline  buffers  are  also  reduced,  bul  because 
of  the  unique  properties  ol  the  ('<>.  IK'u  buffer  pair. 
rough!)  80  9091  ol  total  metabolic  acid  buffering  is  ac 
complished  by  bicarbonate  consumption.  With  the  excep- 
tion ol  renal  compensation  For  respirator)  alkalosis,  which 
does  not  lower  HCO,  below  in  mEq/L,  all  hypobicar- 
bonatemia  is  abnormal.  In  the  absence  ol  preexisting  re- 
spirator) or  metabolic  alkalosis,  or  a  concurrent  counter- 
acting alkalinizing  processes,  a  decrease  in  bicarbonate 
will  result  in  acidemia  (an  acidification  of  plasma  and 
extracellular  space:  pH  <  7.35). 

Response  to  an  Acid  Load 

Consider  the  reaction  of  II  with  the  primary  extracel- 
lular buffer,  HC03  .  or  other  butters  (Buf): 

H    +  HCO,   **  H,CO,  «->  H:0  +  CO: 

II     +  But'    —  IIBul  (I) 

We  can  see  that  metabolic  acidosis  can  be  produced  in 
two  ways:  b)  addition  of  H*  ions  or  by  loss  of  HCO,  or 
other  butters.  Compensation  for  an  increase  in  H  '  in- 
volves several  processes,  each  with  different  time  courses, 
effectiveness,  and  utilization:  extracellular  buffering,  pas- 
sive intracellular  and  bone  buffering,  active  intracellular 
pH  defense  and  organic  acid  uptake  and  metabolism,  re- 
spirator) compensation,  increased  renal  excretion  of  acid. 
and  increased  retention  of  nonbicarbonate  bases  generated 
in  the  digestion  of  foods  by  the  gastrointestinal  tract.  These 
compensatory  processes  are  discussed  more  fully  elsewhere 
in  this  issue  of  Ri.spiratory  Care1  and  are  therefore  only 
briefly  reviewed  herein.  The  effectiveness  of  each  of  these 
processes  mas  be  considerably  diminished  in  many  pa- 
tients with  severe  metabolic  acidosis,  depending  on  the 
severit)  of  the  acidosis,  and  if  there  is  underlying  cardiac, 
pulmonary,  renal,  or  hepatic  insufficiency. 

Chemical  Buffering 

Both  in  and  outside  of  cells,  titration  of  buffers  occurs 
within  minutes  and  is  the  most  immediate  compensation.  It 
is  largely  accomplished  by  consumption  of  HCO.  and 
generation  of  C02.  which  is  exhaled  via  the  lungs.  The 
excess  C02  produced  by  this  buffering  is  readily  excreted. 
with  little  demand  on  the  respiratory  system,  since  it  rep- 
resents a  1 11  v  ial  percent  (<  19? )  of  normal  metabolic  CO: 
production.  In  the  extracellular  space.  HCO,  is  the  only 
substantial  buffer,  whereas  m  cells  the  butters  include 
HCO,  (at  roughK  one  half  the  extracellular  concentra- 
tion), proteins,  phosphates,  amino  acids,  and  bone  carbon 


ate    Vboul  ss  6091  oi  an  acid  load  will  be  buffered  b) 

cells  and  hone  butlers. 

In  addition  tO  passive  chemical  buffering,  it  is  clear  thai 

cells  oi  man)  critical  organs  have  an  extraordinary  capai 
in  to  defend  then  own  intracellular  pll.  In  view  ol  the 

marked  pll  sensitivit)  in  virtuall)  all  cellular  processes. 
the  importance  of  intracellular  pll  regulation  is  hardl)  Stir 
prising.  With  the  exception  ol  red  cells,  all  cells  appeal  l" 

have  intracellular  pll  values  that  are  appreciably  more 

alkaline  than  would  be  predicted  if  It  and  HCO  were 
passivel)  distributed  across  the  plasma  membrane.  Trans- 
membrane pll  differences  var)  among  tissues  but  range 

between  0.2  and  0.5  units,  in  contrast  tu  the  0.8  to  1 .5  unit 
difference  that  would  occur  in  the  face  of  no  intracellular 
pH  regulation.  The  same  transmembrane  ion  exchanges 
that  help  to  maintain  intracellular  pH  above  that  dictated 
b)  passu  e  electrochemical  forces  can  also  be  stimulated 
selectively  in  the  face  of  endogenous  or  exogenous  acido- 
ses.1 These  include  exchange  of  extracellular  Na  '  lor  in- 
tracellular H  via  the  Na  '  -H  membrane  antiporter,  and 
active  H  extrusion  by  proton  translocating  adenosine 
triphosphate-ases  (ATPases).  Critical  tissues  and  organs 
such  as  the  heart,5  brain.''  liver,7  respiratory  muscles,8  and 
kidneys"  have  remarkable  capacity  to  defend  their  pH.  The 
rate  and  magnitude  of  these  responses  probably  help  to 
explain  the  surprising  tolerance  to  acidosis  and  alkalosis  in 
otherwise  healthy  people  without  underlying  circulators 
insufficiency  or  hypoxemia.1"  Because  these  mechanisms 
are  linked  to  ATP  hydrol)  sis.  the  requirement  for  adequate 
oxygen  and  substrate  delivery  is  obvious.  The  extent  to 
which  key  organs  can  defend  their  intracellular  pH  is  not 
easily  determined  in  patients,  but  animal  studies  show  that 
when  these  exchangers  are  fully  activated  and  operative  in 
acidotic  states,  brain  and  heart  pH  can  become  more  al- 
kaline than  the  extracellular  fluid  (ECF).b  The  active  de- 
fense of  intracellular  pH  may  also  explain  in  part  why 
much  more  HCO,  than  other  intracellular  fluid  buffers  is 
preferentially  consumed  in  buffering  metabolic  acidosis, 
since  as  H  f  is  pumped  out  of  cells  it  can  only  he  buffered 
by  plasma  HC( ) , 

Intracellular  entry  of  H'  ions  in  metabolic  acidosis  is 
associated  with  movement  of  K'  into  the  ECF.  in  part  to 
maintain  electroneutrality .  since  K  is  the  major  cation  in 
cells.  This  response  is  variable  and  dependent  on  the  type 
of  acidosis,  being  more  prominent  in  nonorganic  acidoses 
and  much  less  so  in  organic  acidoses  and  respirator)  aci- 
dosis. Many  of  the  illnesses  that  generate  metabolic  aci- 
dosis also  directly  alter  K  '  metabolism  independent  oi  the 
acidemia  to  generate  hyperkalemia.  The  link  between  II 
and  K  movements  in  metabolic  acidosis  is  clinically  more 
relevant  with  regard  to  the  ability  of  administered  HCO 
to  promote  intracellular  uptake  of  K 


Respirator  Cark  •  Apkii  2001  Voi  46  No  4 


•>4.> 


Metabolic  A<  ddosis 


Respirator)  Compensation 

Metabolic  acidosis  stimulates  both  the  central  and  pe- 
ripheral chemoreceptors  controlling  ventilation,  and  if  there 
is  no  depression  ol  respiratory  drive  or  significant  me- 
chanical limitation  to  breathing,  alveolar  hyperventilation 
occurs.  The  ensuing  decrease  in  partial  pressure  of  carbon 
dioxide  (Pco)  will  raise  intracellular  and  extracellular  pH 
low. ml  but  not  completely  to  normal.  The  more  severe  the 
acidosis  the  less  successful  is  the  return  of  pH  toward 
normal.  The  rise  in  ventilation  occurs  within  minutes  but 
may  take  several  hours  to  reach  its  fullest  expression.  The 
increase  is  more  the  result  of  increased  tidal  volume  than 
respiratory  rate,  and  may  reach  a  maximum  of  25-30  L/min. 
This  degree  of  hyperventilation,  often  called  Kussmaul's 
i  espii  ation.  may  cause  dyspnea  and  be  appreciated  on  phys- 
ical examination. 

The  expected  degree  of  respiratory  compensation  has 
been  studied  in  otherwise  normal  patients  with  metabolic 
acidosis  and  as  a  general  rule  the  Pco  can  be  expected  to 
decrease  1.2  mm  Hg  for  every  1.0  mEq/L  reduction  in 
plasma  HC03~,  reaching  a  minimum  of  10-15  mm  Hg." 
Deviations  from  this  predicted  relationship  represent  ei- 
ther mixed  acid-base  disorders,  pulmonary  limitations,  or 
a  rapidly  evolving  and  worsening  acidosis  such  that  a 
steady-state  level  of  ventilation  has  not  been  attained.  In- 
terestingly,  respiratory  compensation  is  only  effective  in 
elevating  the  pH  in  the  acute  period,  because  after  several 
days,  the  kidneys  respond  to  the  lower  Pco  by  reducing 
HCO,  reabsorption  and  permitting  some  bicarbonate  loss. 
The  net  effect  is  that  the  arterial  pH  in  chronic  metabolic 
acidosis  will  be  the  same  as  in  the  acute  phase  whether  or 
not  respiratory  compensation  took  place.12 

Changes  in  Intermediary  Metabolism 

Several  alterations  in  intermediary  metabolism  occur  in 
metabolic  acidosis  that  help  to  mitigate  the  extent  of  aci- 
dosis. First,  certain  enzymes  in  the  glycolytic  pathway 
(such  as  phosphofructokinase,  the  activity  of  which  is  pH 
sensitive)  are  mildly  inhibited.  This  leads  to  a  slight  drop 
in  pyruvate  and,  thus,  lactate  production.  The  other  im- 
portant effect  ol  acidosis  is  to  enhance  the  uptake  of  lactic 
and  ketoacids  by  the  liver  and  well  perfused  skeletal  mus- 
cle.1' therefore  enhancing  the  clearance  of  these  acids, 
particularly  when  their  production  elsewhere  is  increased. 

Renal  Compensation 

The  response  of  the  kidneys  in  regulating  systemic  acid- 
base  balance  is  of  much  slower  onset,  so  thai  there  is  very 
little  compensation  by  the  kidney  until  many  hours  after 
the  onset  of  a  pi  I  disturbance.  The  full  expression  of  renal 
adaptation  may  lake  several  days  and  depends  on  a  normal 


extracellular  volume  status  and  renal  function.  When  a 
metabolic  acidosis  is  not  of  a  renal  origin  and  the  rate  ol 
acid  production  or  I  ICO,  loss  does  not  exceed  200-250 
mEq/d,  increased  renal  H^  secretion  can  be  fully  compen- 
satory. 

The  normal  generation  of  50-100  mEq/d  of  acid  in  the 
normal  adult  diet  is  excreted  by  the  combination  of  total 
reclamation  of  filtered  HCO,  (largely  in  the  proximal 
tubule  I  and  H  '  secretion  in  the  distal  tubule.  H  *  secretion 
is  accomplished  by  active  H'  -ATPase  and  II  /K  - 
ATPase  pumps.  The  H  ions  combine  with  filtered  and 
secreted  titratable  buffers  in  the  urine,  such  as  phosphate 
and  sulfate,  or  with  NH,  generated  by  deamination  of 
glutamine.  In  metabolic  acidosis  of  nonrenal  origin,  the 
kidney  can  increase  total  H  '  excretion  by  3-4-fold.14  prin- 
cipally by  increasing  NH,  production  and  up-regulating 
the  number  and  activity  of  H  ' -ATPase  and  H  ' /K  ' - 
ATPase  pumps 

Consequences  of  Metabolic  Acidosis 

Table  1  lists  major  adverse  and  few  positive  conse 
quences  of  severe  metabolic  acidemia.  The  conventional 
definition  of  severe  acidemia  is  usually  given  as  an  arterial 
pH  less  than  7.10.  but  tolerance  to  even  lower  pH  is  pos- 
sible in  healthy  individuals.  For  example,  arterial  pH  as 
low  as  6.8  has  been  measured  in  athletes  at  maximum 
aerobic  output.  What  defines  the  clinical  seventy  more 
critically  must  include  ( 1 )  the  cause  of  the  acidosis.  (2)  its 
rate  of  evolution.  (3)  the  ongoing  rate  of  acid  production. 
and  (4)  the  patienfs  physiologic  reserves 

The  cardiovascular  effects  of  acidosis  are  the  most  se- 
rious. Acidosis  directly  suppresses  myocardial  contractil- 
ity and  vascular  smooth  muscle  tone,  leading  to  decreased 
cardiac  output  and  hypotension,  with  reductions  in  blood 
flow  to  the  renal  and  splanchnic  beds.  In  part,  these  direct 
effects  are  countered  by  a  neurohumoral  response  consist- 
ing of  increased  sympathetic  discharge  and  Cortisol  secre- 
tion, but  this  response  may  be  blunted  by  the  adrenergic 
receptor  desensitization  that  occurs  with  severe  acidosis. 
Given  the  complexity  of  these  opposing  effects,  it  is  not 
possible  to  define  a  particular  pH  at  which  one  must  in- 
tervene to  raise  the  extracellular  pH  by  alkalinizing  agents. 
Certain  other  effects  of  metabolic  acidosis  will  be  taken  up 
individually  as  they  pertain  to  the  different  metabolic  ac- 
idoses seen  in  the  critically  ill 

Recognition  and  Diagnostic  Strategy 

As  with  all  acid-base  disorders,  analysis  of  arterial  blood 
gas  samples  and  serum  electrolytes  provide  the  quantita- 
tive basis  for  diagnosis  and  treatment.  Nonetheless,  it  is 
important  to  stress  the  utility  o\  the  history  and  physical 
examination,  since  they  can  provide  significant  clues  as  to 
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fable  I       I  ffects  ol  Metabolic    Acidosis 


i  Cardiovascular 

Myo< ardial  depression 
Desensitization  ol  beta  adrenergic  receptors 
Antagonism  "i  <  'a      influx 

Systemic  arterial  vasculai  smooth  musi  le  relaxation 
Antagonism  ol  Ca      influx  and  action 
Desensitization  of  alph  i    receptors 

Systemic  venoconstriction  and  centralization  "i  blood  volume 

Pulmonary  vasoconstriction 

Enhanced  hypoxic  pulmonary  vasoconstriction 

Sensitization  to  re  entry  arrhythmias  .m4  lowei  threshold  foi 
fibrillation 
Neuro  endocrine 

Sympathetic  nervous  system  stimulation 

Increased  Cortisol  and  epinephrine  secretion 
(  erebral 

\  entilatorj  stimulation 

Inhibition  ol  metabolism  and  cell  volume  regulation 

Increased  cerebral  blood  flow 
Respiratory 

Hyperventilation 

Dyspnea  and  exercise  intolerance 

Reduced  hemoglobin  oxygen  affinity  (Bohi  effect) 

unproved  ventilation  perfusion  matching 
Metabolic 

Decreased  glycolysis 

Increased  hepatic  and  skeletal  muscle  organic  acid  uptake 

Decreased  insulin  sensith  n> 

Increased  protein  degradation 
Renal  and  Electrolyte 

Increased  HC03    reabsorption  and  H   'Ml      excretion 

Hyperkalemia 
Others 

Osteoporosis  and  earl)  epiphyseal  closure 

Blunting  ol  cytokine/oxygen  radical/nitric  ovule  formation 


entiating  the  cause  I  he  sum  charge  ol  all  anions  in  plasma 
musl  equal  the  cations,  bul  only  certain  anions  and  cations 
are  routinely  and  rapidly  measured 

[Na   |  *  [unmeasured  cations]      [HCO  C\~] 

■  [unmeasured  anions]    (2) 

Unmeasured  anions  include  negatively  charged  proteins 
(predominantly  albumin,  with  a  charge  equivalent 
2  mEq/1  for  each  g/dl  I,  phosphate  (2  mEq/L),  sulfate 
i  I  mEq/L),  lactate  1 1  2  mEq/L),  and  ketoacids  and  other 
organic  acids  I  ;  I  ml  q/1  I  Unmeasured  cations  include 
calcium  (5  mEq/L),  magnesium  (2  mEq/L),  and  gamma 
globulins.  Although  K  is  readily  measured,  by  conven 
lion  ii  is  given  a  value  of  4  mEq/L  and  not  included  in  the 
calculation  ol  the  anion  gap: 

AG  =  [unmeasured  anions]  --  [unmeasured  cations] 

=  [Na'l  -  ([CI  ]  +[HC03   ])  (3) 

wherein  Ad  is  the  anion  nap  The  normal  value  for  the 
anion  gap  is  10  ±  4  mEq/L  if  the  serum  albumin  is  normal 
Deviations  upward  oi  downward  from  normal  require  a 
correction  of  2.5  mEq/L  per  g/dL  change  in  albumin  con- 
centration. One  should  be  familiar  with  the  reference  val- 
ues of  the  hospital  laboratory,  since  the  methodology  (ion 
selective  electrodes  that  measure  Tree  concentrations  of 
ions,  or  other  methods  that  measure  total  [free  phis  bound| 
concentration)  can  lead  to  differences  of  2  3  mEq/L  in  the 
normal  value  between  laboratories. 

Another  useful  value  is  osmol  yap.  which  is  the  differ- 
ence between  the  measured  osmolality  of  the  plasma  and 
that  calculated  hv  the  formula: 


the  possible  cause,  severity,  and  duration  of  the  metabolic 
acidosis.  The  diagnosis  lirst  depends  on  ascertaining  thai  a 
disorder  with  a  low  plasma  bicarbonate  is  associated  with 
an  acidemia.  II  not,  then  one  is  dealing  with  a  renal  com 
pensation  to  a  primary  respiratory  alkalosis.  The  arterial 
blood  gas  sample,  in  addition  to  confirming  the  low  bi- 
carbonate and  acidemia,  provides  two  other  critical  data. 
The  I',  0  can  he  used  to  judge  whether  the  appropriate 
respiratory  compensation  is  present.  II  ii  is  higher  than 
expected,  one  should  be  concerned  about  the  patient's  pul- 
monary status  and  whether  there  is  the  threat  of  possible 
respiratory  failure.  II  il  is  lower,  then  a  cause  for  primary 
respiratory  alkalosis  should  be  considered.  Finally,  the  1',, . 
hemoglobin,  and  oxygen  saturation  are  critical  in  estab- 
lishing the  sufficiency  of  arterial  o,  content  and  tissue  <> 
delivery. 

Once  a  metabolic  acidosis  is  established,  calculation  of 
the  plasma  anion  gap  can  be  used  as  a  first  step  in  dil'l'er- 


Osm  =  2[Na   ]  +  [gIucose]/18  +  [BUN]/2.8 

+  [ethanol]/4  b 


<4t 


wherein  Osm  is  osmolality  and  BIN  is  blood  urea  nitro- 
gen, [f  the  measured  osmolality  is  more  than  10  above  the 
calculated,  then  there  may  be  osmoticalh  active  particles 
present,  indicative  ol  possible  toxins,  whose  metabolites 
may  be  organic  acids. 

However,  marked  degrees  of  ketoacidosis  and  lactic  ac- 
idosis can  also  contribute  to  an  elevation  in  the  osmol  gap. 
Figure  I  provides  a  diagnostic  approach  to  metabolic  ac- 
idosis, using  the  anion  gap  and  osmol  gap  as  critical  junc- 
ture points. 

Etiologies  <>l  Metabolic  Acidosis 

In  the  clinical  setting  there  are  3  general  mechanisms 
that  lead  to  metabolic  acidosis.  They   include  failure  of 
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Metabolic  Acidosis 
Is  Paco,  appropriately  reduced? 


Yes 


Is  AG  elevated0 


No 

I 

Respiratory  acidosis  or  alkalosis 


No  increase  in  AG 


I 


Loss  of  HCO3" 
gastrointestinal  tract 
urine 
indirect 


Increase  in  AG  = 
decrease  in  HCGY 


Are  plasma  ketones 
strongly  +  ? 


Increase  in  AG  > 
decrease  in  HCOy 


! 


Metabolic  alkalosis 
Urinary  organic  acid  loss 


Yes 


Ketoacidosis 


No 


Is  hypoxia  present? 


No 


Is  GFR  low? 


Yes 

I 

l-lactic  acidosis 


Yes 

1 


Renal  failure 


No 


Is  the  plasma  osmolal  gap  elevated? 


Yes 

1 


No 


1 


Methanol 
Ethanol 
Ethylene  glycol 

Fig.  1.  Diagnostic  approach  to  metabolic  acidosis.  PaC02  =  arterial  partial  pressure  of  carbon  dioxide.  AG  =  anion  gap.  GFR  =  glomerular 
filtration  rate. 


Type  B  lactic  acidosis 
d-lactic  acidosis 
Other  acids 


normal  renal  acid  secretion,  addition  or  overproduction  ol 

acid,  and  loss  of  bicarbonate  or  alkaline  equivalents.  Given 
the  large  number  of  conditions  causing  metabolic  acidosis 


by  one  or  more  of  these  mechanisms,  it  is  beyond  the 
scope  of  this  review  to  discuss  individual  conditions  in 
detail.  Rather,  the  focus  will  he  on  general  principles  of 
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recognition,  diagnosis,  and  treatment.  More  in  depth  .11 
tention  will  be  directed  to  diseases  that  cause  severe  mel 
abolic  acidosis,  in  uluch  patients  require  intensive  can-. 
since  these  patients  often  are  cared  foi  bj  respirator)  thei 
apists.  Ii  is  in  ihis  group,  moreover,  thai  much  controversy 
exists  surrounding  the  efficacy  and  rationale  ol  lico, 
therapy.  Table  2  lists  the  cluneal  causes  often  encountered 
and  provides  a  range  oi  rates  oi  acid  production  of  the 
various  categories,  In  general,  hyperchloremic  metabolic 
acidoses  result  from  a  loss  ol  bicarbonate,  through  either 
the  kidneys  or  the  gut,  or  from  the  addition  of  an  acid  with 
chloride  as  the  accompanying  anion    High  anion  gap  met- 
abolic acidoses  result  from  the  ingestion  or  internal  pro- 
duction o\  organic  acids.  It  should  he  realized,  however. 
that  both  tonus  ma\  coexist  m  some  patients.  particularly 
in  those  who  begin  with  a  hyperchloremic  acidosis  but 
develop  volume  depletion  and  a  subsequent  lactic  or  ke- 

Tahle  2.      Causes  of  Metabolic  Acidosis 


Cause 


Rale  ol  Acid 
Accumulation 


1  .nlurc  Dt  renal  acid  excretion  2-4  niEq/h 

Decreased  II     secretion 

Distal  renal  tubular  acidosis 
Decreased  NH4     production 
Generalized  renal  failure 
Adrenal  insuftlciency/hypoaldosteromsm 
I  oss  of  bicarbonate  and  alkaline  equivalents  1-20  mEq/h 

( lastrointestinal 
Diarrhea 

Pancreatic,  biliary  and  enteric  drainage 

I  rinar>  diversion 
Renal 

Carbonic  anhydrase  inhibitors 

Proximal  renal  tubular  acidosis 

Post-hypocapnic  slate 
Diluiional  Acidosis 
Addition  and/or  overproduction  ol  acid  2-500  mEq/h 

Endogenous 

Lactic  .a  idosis 

Ketoacidosis 

Alcoholic 
Starvation 
Diabetic 
Hereditary  metabolic  enzyme  disorders 
Exogenous 
Acid  administration 
Hydrochloric  acid 
Ammonium  chloride 

Canonic  amino  acids  m  total  parenteral  nutrition 
Toxins  converted  to  acid 
Methanol 
Ethylene  glycol 
Paraldehyde 
Salicylate 


toacidosis  I  he  table,  although  long,  is  nol  an  exhaustive 
list  ol  specific  causes  Such  comprehensive  lists  can  be 
found  in  any  major  nephrology,  text 

Hypcrc'lilon-mic  Metabolic  Acidosis 

Diarrhea  is  the  most  common  cause  ol  hyperchloremic 
metabolic  acidosis  m  the  intensive  care  unit.  The  intestinal 
fluids  below  the  stomach,  including  the  pancreatic  and 

hiharv  secretions,  are  relatively  alkaline,  consisting  both 
of  HC03  anil  organic  anions,  which  when  absorbed  are 
converted  to  HC03  in  normal  metabolism.  As  a  result, 
diarrhea,  vomiting  with  intestinal  obstruction,  tube  drain- 
age, or  fistulas  can  lead  to  metabolic  acidosis  if  the  rale  ol 
base  loss  exceeds  the  kidneys'  ability  to  increase  Ml, 
excretion.  Occult  laxative  abuse  should  always  be  sus 
pected  in  a  patient  with  .111  unexplained  hyperchloremic 
metabolic  acidosis.  However,  laxative  abuse  can  also  lead 
to  metabolic  alkalosis  if  the  effect  is  largely  in  the  colon 
and  there  is  associated  K'  depletion.  Urinary  diversion, 
such  as  ureterosigmoidostomy.  mav  cause  a  hyperchlor- 
emic metabolic  acidosis  in  up  to  80%  of  patients,  for  two 
reasons.13  The  first  is  that  the  colon  has  an  anion  ex- 
changer that  exchanges  HC'O,  tor  the  high  chloride  usu- 
ally found  in  urine.  Second,  the  colon  can  directly  absorb 
NH4*.  which  is  derived  from  urine  and  colonic  bacteria. 
The  absorbed  NH4*  is  converted  to  NH,  and  H  '  in  the 
liver.  Therapy  is  directed  toward  volume  repletion,  anti- 
biotics if  appropriate,  cessation  of  laxatives,  and  other  dis- 
ease-specific therapy. 

Renal  tubular  acidosis  either  of  the  type  involving  the 
proximal  tubule  (type  2)  or  the  several  forms  involving  the 
distal  tubule  itvpes  I  and  4)  cause  mild  to  moderate  hy- 
perchloremic metabolic  acidosis.1"  The  problem  in  type  I 
renal  tubular  acidosis  and  with  carbonic  anhydrase  inhib- 
itors such  as  acetazolamide  is  one  in  which  there  is  inad- 
equate reabsorption  of  filtered  bicarbonate.  The  decrease 
in  plasma  bicarbonate  is  usually  never  below  15  mEq/L, 
because  of  the  remaining  HC()t  reabsorptive  capacity  of 
the  proximal  tubule  and  the  intact  reabsorptive  capacity  of 
the  distal  tubule.  The  distal  renal  tubular  acidoses  are  char- 
acterized by  a  defect  in  distal  II  secretion,  which  reduces 
both  titratable  acid  and  Nil,  secretion.  As  with  proximal 
renal  tubular  acidosis,  the  seventy  of  the  acidosis  is  gen- 
erally mild.  Generalized  renal  failure  in  its  earl)  phase 
may  simply  present  with  a  hyperchloremic  metabolic  ac- 
idosis, but  this  shortly  develops  into  a  high  anion  gap 
acidosis  as  numerous  unmeasured  anions  normally  excreted 
in  the  urine  are  retained  Therapy  is  oral  HCO3  replace- 
ment or  withdrawal  ol  carbonic  anhydrase  inhibitors. 

The  phenomenon  of  diluiional  acidosis  is  sometimes 
seen  in  the  intensive  care  unit  during  very  aggressive  vol- 
ume resuscitation  (  ■  509i  of  normal  ECF  volume  1  with 
bicarbonate-tree  or  base  equivalent-free  containing  solu 
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dons  Mich  as  salmc.1  There  is  no  actual  loss  of  bicarbon- 
ate, but  the  expected  dilution  of  extracellular  HCO,  is 
mitigated  as  intracellular  and  bone  nonbicarbonate  base 
stores  are  mobilized  and  transferred  to  the  extracellular 
space  However,  if  there  is  preexisting  metabolic  acidosis 
and  depletion  of  base  stores,  the  dilntional  acidosis  may 
account  lor  a  significant  degree  of  acidemia.  Usually  the 
condition  is  self-limited  as  the  kidneys  generate  new  bi- 
carbonate and  the  natriuresis  and  diuresis  (of  an  acidic, 
bicarbonate-free  urine)  with  resolution  of  the  original  need 
to  use  resuscitati\e  lluids  brings  the  ECF  volume  back  to 
normal. 

Administration  of  HC'I  or  metabolic  equivalents  such  as 
cationic  amino  acids  in  hyperalimentation  lluids  can  over- 
whelm limited  renal  function  in  some  patients  and  gener- 
ate a  hvperchloremic  metabolic  acidosis.  The  problem  can 
be  easily  dealt  with  by  supplementation  with  base  equiv- 
alents added  to  the  solutions. 

A  primary  respiratory  alkalosis  leads  to  compensatory 
loss  of  HCO,  in  the  urine.  When  the  process  initiating  the 
hypocapnia  abates,  the  Pco  rises  relatively  quickly  and 
the  original  state  of  alkalemia  converts  to  an  acidemia. 
This  may  persist  for  2-4  days  as  the  kidney  takes  on  the 
somewhat  slower  process  of  new  bicarbonate  generation, 
as  occurs  in  the  correction  of  a  dilutional  acidosis. 

High  Anion  Gap  Metabolic  Acidosis 

The  anion  gap  is  very  useful  in  generating  a  differential 
diagnosis,  but  until  the  value  is  more  than  20  the  acidosis 
is  usually  not  severe,  and  it  is  not  often  easy  to  identify  the 
responsible  organic  acid.  Anion  gaps  less  than  20  are  most 
often  secondary  to  changes  in  proteins,  phosphates,  or  other 
charge  equivalents.11*  When  the  anion  gap  exceeds  30.  the 
organic  acidosis  is  usually  diagnosable.  However,  minor 
elevations  in  the  anion  gap  should  not  be  ignored,  despite 
the  greater  likelihood  that  a  cause  will  not  be  found.  Crit- 
ically ill  patients  often  have  hypoalbumineniia.  and  this 
will  cause  the  anion  gap  to  be  lower  than  it  otherwise 
would  be  and  mask  the  severity  of  the  acidosis. 

The  generation  of  protons  decreases  the  concentration 
of  bicarbonate.  If  the  acidosis  occurs  by  the  gain  of  pro- 
tons and  chloride,  or  by  loss  of  bicarbonate,  the  change  in 
bicarbonate  is  matched  by  the  change  in  chloride,  leading 
to  no  change  in  the  anion  gap.  However,  if  it  is  caused  by 
a  gain  of  an  organic  acid,  the  HCO,  decreases  and  there 
is  an  increase  in  an  unmeasured  anion.  Theoretically  the 
increase  in  the  anion  gap  above  normal,  the  so-called  "del- 
ta anion  gap."  should  equal  the  decrease  in  bicarbonate 
(delta  bicarbonate),  and  the  delta  anion  gap  to  delta  bicar- 
bonate ratio  should  be  one:  however,  it  should  be  remem- 
bered that  H  can  he  buffered  by  other  lilratable  sub- 
stances. The  extent  to  which  this  happens  depends  on  the 
severitj  of  the  acidosis  anil  the  particular  disease.  Another 


means  by  which  a  one-for-one  ratio  is  altered  is  secondary 
to  the  loss  of  the  organic  anion  in  the  urine,  with  replace- 
ment by  chloride.  Lastly,  if  there  is  a  pre-existing  meta- 
bolic acidosis  or  metabolic  alkalosis,  the  apparent  one-for- 
one  ratio  will  not  be  evident.  These  factors  can  cause  the 
ratio  to  vary  between  0.8  and  1.6.  Given  all  the  above 
caveats,  it  is  generally  fruitless  to  seek  additional  acid- 
base  disturbances  unless  the  ratio  falls  outside  that  range. 
Lactic  acidosis  is  the  most  common  anion  gap  acidosis 
encountered  in  the  intensive  care  unit.  It  is  often  the  most 
severe  and  difficult-to-treat  form  of  all  metabolic  acido- 
ses.1" Table  3  gives  a  more  complete  list  of  the  multiple 
causes  of  lactic  acidosis.  The  normal  lactate  concentration 
is  1-2  mEq/L.  which  represents  the  equilibrium  between 
production  and  consumption  in  normal  metabolism  of 


Table  3.      Causes  of  Lactic  Aeidosis 

Increased  oxygen  consumption 
Strenuous  exercise 
Grand  mal  seizure 
Respiratory  alkalosis 
Hypothermic  shivering 
Neuroleptic  malignant  syndrome 
Pheochromocy  toma 
Decreased  oxygen  deliver} 
Decreased  cardiac  oulput 
Hypovolemia 
Cardiogenic  shock 

Myocardial,  valvular,  pulmonary  vascular,  pericardial 
Decreased  arterial  oxygen  content 
Severe  anemia  and  hypoxemia 
Regional  ischemia 

Mesenteric  and  peripheral 
Microcirculatory  disorders 
Sepsis 
Altered  cellular  metabolism 
Diabetes  mellitus 
Thiamine  deficiency 
Hypoglycemia 
Malignancy- 
Toxins  and  drugs 
Carbon  monoxide 
Ethanol/methanol 
Cyanide 
Salicylates 
Nitroprussidc 
Zidovidine 
Cyclosporins- 
Hereditary  metabolic  enzyme  disorders 
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l.ooo  1,500  mEq/d  li  is  eas)  to  appreciate  thai  onlj  .1 
slight  imbalance  between  production  and  consumption  (ei 
ther  increased  production  or  decreased  clearance)  can  lead 
to  hyperlactemia.  rhus,  with  jusl  the  sympathetic  stress 
and  hypermetabolism  of  mosl  critical  illnesses,  h  maj  rise 
to  2  5  mEq/L.  An>  degree  of  metabolic  or  respirator) 
alkalosis  can  stimulate  glycolysis  and  increase  serum  lac- 
tate In  2    !  mEq/L. 

Lactic  acidosis  of  clinical  importance  and  consistent 
with  possible  tissue  hypoxia  is  usuallj  characterized  bv 
acidemia  and  lactate  greater  than  5  mEq/L.  Although  in 
cardiogenic  shock  lactate  levels  correlate  with  mortality, 
that  is  not  the  case  111  man)  other  forms  of  lactic  acidosis. 
A  large  overlap  exists  in  values  of  survivors  and  nonsur- 
vivors,  owing  to  such  factors  as  the  primary  disease,  nu- 
tritional status,  and  hepatic  lactate  clearance.  However,  in 
the  individual,  the  trend  in  lactate  concentration  can  be 
helpful  in  gauging  therapy  and  assessing  prognosis.  In 
addition  to  the  acidemia  of  lactic  acidosis,  there  are  po- 
tentially negative  effects  of  lactate  itself,  which  may  add  to 
the  clinical  problem.  Lactate  may  further  aggravate  the 
adrenergic  desensiti/ation  of  acidosis,  reduce  glycolysis. 
impair  mitochondrial  oxygen  utilization,  and  depress  in- 
ward Ca     currents  that  activate  myocardial  contraction.20 

Sepsis  is  a  common  cause  of  lactic  acidosis  and  several 
mechanisms  account  for  the  increased  lactate  acid.21  These 
include  frank  reductions  in  tissue  oxygen  delivery  and 
obligator)  anaerobic  metabolism  with  hypoperfusion  and 
myocardial  depression.  Even  in  the  presence  of  a  hyper- 
dynamic circulation  there  may  be  occult  tissue  hypoxia 
because  of  maldistribution  of  blood  flow  at  the  microcir- 
culatory  level.  Sepsis  is  a  hyperinetabolic  state  with  in- 
creased substrate  flux,  such  that  increased  glycolysis  and 
protein  breakdown  lead  to  excess  pyruvate  production  in 
excess  of  mitochondrial  needs. 

Grand  mal  seizures  cause  profound  muscle  energy  use 
in  a  short  interval.22  The  tremendous  glycolysis  necessar) 
to  sustain  seizure  activity  can  lead  to  lactate  elevations  of 
more  than  15  mEq/L  and  pH  below  7.10.  The  acidemia 
ma)  also  he  aggravated  by  C02  retention  from  hypoven- 
tilation during  the  seizure  interval.  The  lactate  can  be  readily 
reconverted  to  bicarbonate  in  the  post-seizure  period. 

Lactic  acidosis  can  occur  with  some  malignancies,  most 
commonly  in  leukemias  and  lymphoma.23  In  tumor  cells 
there  is  enhanced  glycolysis  with  loss  of  the  normal  cel- 
lular control  mechanisms  that  tightly  couple  glycolysis 
with  oxidative  phosphorylation.  If  there  is  extensive  he- 
patic infiltration  of  metastatic  tumor,  decreased  lactic  acid 
clearance  by  the  liver  will  further  compound  the  magni- 
tude of  lactate  accumulation. 

D-lactic  acidosis  is  an  interesting  form  of  lactic  acido- 
sis, since  the  anion  in  all  other  forms  is  l-lactate.21  Most 
lactate  assays  will  only  measure  the  1-isomer  of  lactic  acid, 
so  the  dia*jnos  Ms  will  not  be  made  on  routine  lactate 


measurement  d  lactic  acid  levels  in  blood  and  urine  must 
be  specific. illv  ordered   d  lactic   acid  is  a  byproduct  <>i 

certain  (iram  positive  bacteria.  When  intestinal  conditions 
permit  their  unchecked  growth  in  the  presence  oi 
amounts  ol  carbohydrate,  large  amounts  ol  d  lactic  acid 
are  absorbed  b)  the  colon,  rhiscanoccui  in  patients  with 

short  bowel  syndrome  and  111  those  with  blind  loops  01 
intestinal  stasis  from  other  causes.  The  therap)  is  enteral 
calorie  restriction,  facilitation  ><\  gut  motility,  and  some- 
times antibiotics. 

Ketoacidosis  can  develop  with  starvation,  insulin  defi- 
ciency, and  heav  v  alcohol  intake.  It  occurs  when  there  is 
an  increase  in  free  fart)  acid  production  ami  a  preferential 
shunting  of  fatty  acids  to  the  liver  lor  ketoacid  rather  than 
triglyceride  formation.  This  situation  is  favored  when  in- 
sulin levels  are  low  and  glucagon  is  elevated. 

In  starvation,  insulin  levels  decrease  and  glucagon  rises, 
favoring  lattv  acid  mobilization  and  ketoacid  formation 
The  ketoacidosis  is  mild.''  with  total  ketoacid  concentra- 
tion not  exceeding  10  mLq/L.  Ketoacid  formation  stimu- 
lates insulin  secretion  and  this  is  what  probably  prevents 
runaway  ketoacid  production  in  simple  tasting 

In  alcoholic  ketoacidosis,  usually  in  the  setting  of  binge 
drinking  and  poor  dietary  intake,  the  normal  lasting  keto- 
acidosis is  aggravated  by  the  effect  of  ethanol  to  enhance 
lipolysis.  further  increasing  the  supply  of  free  fatty  acids  " 
However,  other  factors  act  to  worsen  an  already  unbal- 
anced metabolic  state.  With  vomiting  and  its  attendant 
volume  depletion,  catecholamine  secretion  is  increased, 
which  drives  lipolysis  and  depresses  insulin  sensitivity. 
These  factors,  in  addition  to  a  concurrent  lactic  acidosis. 
can  generate  a  severe  degree  of  acidosis.  The  therap)  is 
volume  repletion  with  glucose  supplementation  and  avoid- 
ance of  alcohol. 

Diabetic  ketoacidosis  is  the  most  common  cause  of  ke- 
toacidosis in  the  intensive  care  unit.  The  problem  is  a 
primary  insulin  deficiency  (and.  secondarily,  insulin  re- 
ceptor insensitivity)  leading  to  hyperglycemia,  increased 
free  fatty  acid  production,  osmotic  diuresis,  electrolyte  ab- 
normalities, and  marked  volume  depletion.27  The  degree 
of  acidemia  can  be  quite  profound,  with  arterial  pH  below 
7.00.  The  therapy  is  volume  and  electrolyte  repletion  and 
provision  of  insulin 

A  wide  variety  of  toxins  and  drugs  can  lead  to  high 
anion  gap  acidoses  when  the  metabolism  of  the  toxin  v  ields 
an  organic  acid  Thus,  an)  patient  presenting  with  a  high 
anion  gap  acidosis  that  cannot  be  explained  b)  tests  show- 
ing high  lactate  or  ketoacid  concentrations  should  be  sus 
pected  of  having  ingested  a  toxin  It  should  be  remem- 
bered that  in  some  toxin  cases  there  may  be  associated 
mild  lactic  and  ketoacidosis.  Specific  urine  and  blood  toxin 
screens  should  be  used,  but  their  turnaround  time  is  often 
not  fast  and  many  toxins  mav  not  be  picked  up.  A  veiv 
useful  test  employed  to  raise  the  suspicion  of  a  toxin  is 
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calculation  of  the  osmol  gap.  [f  the  measured  osmolality  is 
more  than  10  above  the  calculated,  then  there  are  osmot- 
icallj  acme  panicles  present,  such  as  ethanol  or  ethylene 
glycol. 

Treatment  of  Metabolic  Acidosis 

The  treatment  ol  anj  metabolic  acidosis  involves  initi- 
ating effective  therapv  to  deal  with  the  underlying  or  pri- 
mary cause  of  the  acidosis  and  then  assessing  the  need  to 
directly  reverse  the  acidemia  with  some  form  of  alkalin- 
izing  therapy.  In  many  cases,  the  treatment  of  the  under- 
lying cause  and  attention  to  normalization  of  volume,  car- 
diac output,  and  arterial  oxygenation  will  be  sufficient  to 
allow  for  metabolism  of  endogenous  organic  acids  (lactate 
and  ketoacids)  back  to  bicarbonate  or  for  the  kidney  to 
regenerate  new  bicarbonate  to  replace  losses.  The  restora- 
tion of  normal  tissue  oxygenation  and  perfusion  is  not  only 
necessary  to  reverse  the  metabolic  pathways  leading  to 
organic  acid  formation:  it  also  allows  critical  organs  to 
actively  defend  their  intracellular  pH  by  extrusion  of  H  * 
into  the  extracellular  fluid.  Although  it  would  appear  rea- 
sonable that  attempts  to  increase  tissue  O,  delivery  above 
normal  levels  (supranormal  02  delivery)  by  means  of  ino- 
tropic agents,  red  cells,  and  volume  expanders  might  be 
beneficial,  this  has  not  been  borne  out  in  several  well 
controlled  trials  of  the  concept.28  2" 

Attempts  to  stimulate  pyruvate  dehydrogenase,  the  rate- 
limiting  enzyme  that  converts  pyruvic  acid  to  acetyl-CoA 
(coenzyme  A)  for  entry  into  the  mitochondrial  tricarbox- 
ylic acid  cycle,  with  dichloroacetic  acid  and  thus  reduce 
pyruvate  metabolism  to  lactic  acid  have  not  been  success- 
ful, despite  the  compelling  rationale.  Although  it  was  found 
that  dichloroacetic  acid  administration  reduced  lactate  lev- 
els and  improved  arterial  pH  in  several  uncontrolled  trials 
in  patients  with  lactic  acidosis,  a  recent  randomized  con- 
trolled trial  showed  no  mortality  reduction,  despite  the 
slightly  better  acid-base  status,  in  the  dichloroacetic  acid- 
treated  patients.1"  The  results  of  that  trial  strongly  suggest 
that  lactic  acidemia  per  se  is  not  the  cause  of  death,  but 
rather  a  barometer  of  the  severity  of  the  underlying  cause. 

Direct  alkalinizing  therapies  have  long  been  used  in  the 
treatment  of  metabolic  acidosis,  but  controversy  remains 
as  to  their  benefit  in  certain  forms  of  acidosis.  Alkaliniza- 
tion  can  he  accomplished  hv  either  lowering  the  arterial 
partial  pressure  of  carbon  dioxide  PaCO  or  administering 
bicarbonate  or  some  other  base  equivalent.  In  patients  strug- 
gling  to  lower  their  PaCO  to  at  least  achieve  the  expected 
degree  of  hyperventilation,  but  at  risk  of  respiratory  mus- 
cle fatigue,  assisted  mechanical  ventilation  is  indicated  to 
meet  the  minimum  goal  of  compensatory  hypocapnia.  Fur- 
ther lowering  of  the  PaCO  may  develop,  especially  it  the 
patient  is  able  to  trigger  the  ventilator  sufficiently.  Whether 


this  is  acceptable  will  depend,  of  course,  on  the  risk  of 
adverse  hemodynamic  effects  or  barotrauma. 

There  is  no  doubt  that  diseases  characterized  by  chronic 
metabolic  acidosis  have  sequelae  directly  attributable  to 
the  acidemia  and  that  replacement  of  losses  and  normal- 
ization of  plasma  bicarbonate  is  useful.  Prevention  of  aci- 
demia in  renal  failure,  tor  instance,  improves  growth  in 
children,  increases  responsiveness  to  erythropoietin,  and 
reduces  osteoporosis  and  protein  wasting  in  adults.  Fur- 
thermore, exercise  tolerance  is  improved  and  dyspnea  at 
any  level  of  exertion  is  diminished.  In  these  situations, 
bicarbonate  can  be  given  orally  and  generally  in  small 
daily  amounts. 

Intravenous  bicarbonate  is  clearly  indicated  in  the  treat- 
ment of  hyperkalemia  either  caused  by  a  metabolic  acido- 
sis or  found  in  association  with  it.  Similarly,  parenteral 
bicarbonate  is  beneficial  with  any  toxin  ingestion  in  which 
clearance  of  the  toxin  from  inside  cells  and  thence  into  the 
urine  can  be  facilitated  by  ionic  trapping  in  a  more  alkaline 
milieu.  A  good  example  of  this  principle  is  salicylate  tox- 
icity.'11 

Unfortunately,  it  is  in  the  more  severe  forms  of  meta- 
bolic acidosis,  with  high  rates  of  H  '  formation,  largely  the 
endogenous  organic  acid  (lactic  and  ketoacid)  acidoses, 
that  bicarbonate  and  other  alkalinizing  agents  have  not 
shown  efficacy.  Thus,  in  situations  in  which  the  acid-base 
variables  are  most  extreme  and  the  practitioner  feels  most 
compelled  to  correct  the  values,  there  is  no  evidence  to 
support  exogenous  base  administration.  Indeed,  recent  find- 
ings discussed  below  and  several  controlled  trials  point  out 
the  fallacy  and  failing  of  direct  alkalinizing  strategies.  The 
suggestion  is  even  raised  that  alkalinization  may  in  fact  be 
counterproductive. 

The  traditional  reasons  given  to  treat  severe  acidemia 
(pH  <  7.1-7.2)  are  to  reverse  depressed  catecholamine 
sensitivity  both  in  the  heart  and  peripheral  vasculature, 
raise  the  threshold  for  cardiac  arrhythmias,  increase  insu- 
lin sensitivity,  and  provide  a  buffer  to  prevent  further  pH 
declines  with  ongoing  acid  production. !:  Recently  there 
have  been  several  randomized  trials  in  patients  with  arte- 
rial pH  between  6.8  and  7.10  using  sodium  bicarbonate 
against  equal  amounts  of  sodium  as  NaCl  in  diabetic  ke- 
toacidosis and  lactic  acidosis.  The  amounts  given  ranged 
from  100  to  200  mEq  over  15-30  minutes,  rates  roughly 
equivalent  to  or  greater  than  the  ongoing  rates  of  acid 
production.  The  data  in  aggregate  are  consistent  across  all 
studies  in  showing  no  meaningful  clinical  benefit. 

Studies  in  patients  with  severe  diabetic  ketoacidosis 
treated  with  volume  repletion  and  insulin"  '"  show  that 
bicarbonate  does  not  alter  the  rate  of  hyperglycemia  cor- 
rection, nor  does  it  speed  the  rate  of  normalization  of 
arterial  pH  or  HCO,  concentration.  In  fact,  in  one  studv. 
ketoacid  clearance  was  slowed.'"  The  findings  in  patients 
with  lactic  acidosis  similar!)  do  not  support  bicarbonate 
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use.  even  in  the  worst  cases 


In  those  three  studies, 


which  randomized  patients  and  used  equivalent  amounts 
.■I  NaCl  in  the  control  groups,  in  general  cardiac  output 
and  blood  pressure  were  not  improved,  and  in  some  in- 
stances cardiac  output  fell  with  bicarbonate.  Any  purported 
benefit  to  bicarbonate  maj  simply  be  due  to  the  volume- 
expanding  effects  of  the  accompanying  sodium. 

The  failure  of  sodium  bicarbonate  administration  in  se- 
vere endogenous  organic  metabolic  acidoses  luis  multiple 
causes  h  would  appear  that  its  purported  benefits  are  out- 
weighed by  its  disadvantages,  some  of  which  are  better 
recognized  than  others.  The  better  known  problems  in 
elude  hyperosmolality,  hypernatremia,  hypokalemia,  and 
post-therapeutic  metabolic  alkalosis/'  ln  These,  howevei 
important  they  mav  be.  are  uncommon  or  minimally  rel- 
evant to  the  acute  setting  of  severe  acidemia.  Of  greater 
and  more  compelling  concern  are  the  deleterious  effects  of 
alkalinization  on  02  delr  ery,  organic  acid  production,  up- 
take and  metabolism  by  still  viable  tissues,  cytokine  and 
oxidant  radical  formation,  and  the  fate  of  cells  and  tissue 
near  the  threshold  of  death. 

In  situations  where  0:  deliver)  to  the  tissues  mav  be 
marginal,  acidemia  aids  in  unloading  oxygen  from  hemo- 
globin by  shifting  the  hemoglobin-O,  dissociation  curve  to 
the  right.  Reduction  in  the  magnitude  of  the  Bohr  effect 
will  mean  that  O,  release  from  hemoglobin  is  hindered 
and  tissue  hypoxia  will  worsen,  causing  more  lactic  acid 
production.  Acidosis  and  acidemia  reduce  organic  acid 
production  by  virtue  of  simple  mass  action  effect:  that  is. 
accumulation  of  product  will  slow  the  rate  of  any  chemical 
reaction  if  all  other  factors  are  kept  constant.  Since  the 
accumulation  of  lactate  and  ketoacids  is  a  balance  between 
their  production  and  consumption,  anything  that  reduces 
their  uptake  and  metabolism  will  be  disadvantageous.  There 
is  now  much  cv  idence  to  show  that  the  cell  membrane 
mechanisms  (organic  acid  transporters)  for  organic  acid 
uptake  in  the  liver  and  skeletal  muscle  are  stimulated  by 
acidosis  and  inhibited  by  alkalosis.13  This  may  help  to 
explain  the  lack  of  any  influence  of  bicarbonate  on  plasma 
organic  acid  concentration  in  the  above  cited  studies. 

Another  concerning  issue  related  to  intravenous  bicar- 
bonate administration  is  the  generation  of  C02.  If  the  new 
C02  produced  by  reaction  of  HCO,  with  H+  ion  in  the 
central  venous  blood  is  not  fully  cleared  by  increased  al- 
veolar ventilation,  then  P.lCO  will  rise.  The  arterial  pi  I  will 
still  be  less  acidic  by  virtue  of  some  H  reduction,  but  as 
the  arterial  blood  with  higher  P(  (,  reaches  the  peripheral 
tissue  capillaries,  the  intracellular  pH  may  decrease  as  the 
highly  diffusible  CO,  moves  into  tissues  much  faster  than 
the  less  diffusible  charged  bicarbonate  ions.41  The  conse- 
quences may  be  transient  cardiac  depression  or  arrhythmia 
initiation.  The  phenomenon  is  only  clinically  relevant  at 
very  high  rates  of  bicarbonate  administration,  such  as  was 
formerly  the  practice  in  cardiopulmonary    resuscitation. 


when  ampules  ol  bicarbonate  were  pushed  rapidly  (within 
minutes)  into  the  central  circulation   In  this  situation  th 

potential  rate  oi  CO   ft ation  approaches  10 ol/min 

and  the  venous  |'c  ,,  could  rise  to  several  hundred  mm  Hg. 
When  given  by  the  usual  slowet  infusion  rates  ol  500    ion 

ml.q  ovei  ill  60  minutes,  the  figure  is  in  the  range  ol 
0.2-0.5  mmol/min.  To  put  these  figures  in  perspective,  the 
normal  total  body,  C02  production  rate  is  10   12  mmol/hi 

In  more  severe  tonus  of  lactic  acidosis,  short  ol  circu- 
latory collapse,  the  ongoing  late  ol  acid  formation  mav  be 
as  high  as  20  mmol/min.  making  it  virtually  impossible  to 
keep  pace  quantitatively  with  bicarbonate.  These  rates 
would  quickly  lead  to  arterial  hypercapnia  if  ventilation 
was  not  adjusted  accordingly,  but  also  to  hypernatremia, 
volume  overload,  and  worsened  edema,  if  the  added  so 
dium  could  not  be  removed  bv  forced  natriuresis  or  he- 
mofiltration.  The  only  animal  model  to  successfully  em- 
ploy this  strategv  i2  was  one  in  which  severely  hypoxemic 
rats  (fraction  ol  inspired  oxygen  0.05)  were  given  large 
amounts  of  glucose  and  bicarbonate  to  support  normal 
ATP  generation  rates  bv  anaerobic  glycolysis  alone.  The 
result  of  this  "bridging  therapy"  was  to  reduce  mortality 
by  50%  in  the  first  40  minutes.  Translating  this  strategv  to 
humans  would  mean  the  provision  of  roughly  one  halt 
ampule  ol  bicarbonate  per  minute  and  an  equivalent  rate  ol 
normal  saline  infusion  ol  20  L  per  hour. 

There  are  two  possible  alternatives  to  NaHC03.  One  is 
Na2CO,  given  as  a  50/50  mixture  with  sodium  bicarbonate 
(Carbicarb).43  Carbicarb  allows  the  buffering  of  acid  with- 
out generation  of  C02  since  it  is  the  more  basic  C03  ion 
that  is  preferentially  titrated  to  yield  HCO,  .  However,  this 
agent  has  not  been  shown  to  be  any  more  effective  in 
experimental  models  of  cardiac  arrest  than  sodium  bicat 
borate44-45  or  other  situations  associated  with  lactic  acido- 
sis.46-49 These  results  suggest  that  C02  generation  with 
bicarbonate  does  not  explain  its  lack  of  success.  The  other 
available  alkalmi/ing  agent  that  does  not  produce  CO, 
with  acid  buffering  is  tris-hydroxymethyl  aminomethane.50 
There  have  been  no  studies  of  its  utility  in  severe  meta- 
bolic acidosis,  but  the  ineffectiveness  of  Carbicarb  gives 
no  ground  to  suspect  it  will  be  any  better. 

The  most  interesting  and  possibly  chilling  aspect  of  at- 
tempting successful  alkalinization  in  severe  metabolic  ac- 
idosis ahead  of  resolution  of  the  primary  cause  is  a  poten- 
tial hastening  and  increase  of  cell  death  in  marginal  areas 
A  wealth  ol  cell  and  isolated  organ  studies  in  animals 
show  that  reoxygenation  (whether  bv  reperfusion  or  addi- 
tion of  oxygen  to  formally  anoxic  medial  alter  a  period  ol 
hypoxia  is  associated  with  greater  cell  death  when  the  pi  I 
is  normal  or  alkaline.  When  the  extracellular  pi  I  is  pur- 
posefully kept  acidic  ipll  6.6-6.8),  there  is  much  greater 
tissue  salvage.''  "'  This  pll  paradox  is  not  entirely  under- 
stood, but  several  mechanisms  mav  be  germane.  The  first 
is  that  as  cells  become  sufficiently  hypoxic,  they  are  un- 
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able  to  maintain  low  intracellulai  Ca  An  acidic  pH 

also  inhibits  Ca2  entrj  into  cells  and  thereby  slows  the 
eventual  critical  rise  in  intracellular  Ca  +.  As  calcium 
nscs.  several  metabolic  pathways  and  enzymes  arc  stim- 
ulated, including  phospholipase  A.ss  that  activate  deg- 
radative  proteases,  lipases,  and  nucleases,  causing  cell  ne- 
crosis. These  enzymes,  like  most  enzymes,  are  inhibited 
bv  acidic  pH.  Other  possible  benefits  of  acidosis  include 
blunting  of  oxidant  radical  formation,59  including  NO  and 
superoxide,  in  addition  to  inhibition  ol  pro-inflammatorj 
cytokine  production  and  release  In  leukocytes  and  vascu 
lar  endothelium.60 

The  concept  that  acidosis  may  be  protective  is  provoc- 
ative but  obviousl)  untested  in  human  disease.  We  are 
moving  slowly  in  that  direction  with  application  of  per- 
missive hypoventilation  in  ventilatory  support  and  accep- 
tance of  hypercapnic  respiratory  acidemia.  In  addition  to 
the  benefits  o\  low  tidal  volume,  recent  animal  work  points 
to  additional  protective  effects  of  hypercapnia  in  acute 
lung  injury.61  Thus,  for  the  present,  there  is  strong  justi- 
fication to  avoid  alkalinizing  agents  in  the  critically  ill, 
except  for  life-threatening  hyperkalemia  and  toxin  excre- 
tion If  the  clinician  feels  compelled  to  use  bicarbonate  for 
cardiac  and  hemodynamic  instability,  then  it  should  be 
given  in  small  amounts  and  never  as  a  fast  infusion,  and 
only  to  raise  the  arterial  pH  above  7.1. 

Summary 

A  few  general  principles  about  metabolic  acidosis  should 
always  be  kept  in  mind.  As  an  isolated  perturbation,  met- 
abolic acidosis  can  be  well  tolerated.  The  company  it  keeps 
is  far  more  the  problem  than  the  low  pH  value.  In  fact, 
acidosis  may  be  somewhat  protective  at  times  when  we  are 
often  most  inclined  to  correct  the  acidemia  directly  by 
alkalinizing  agents.  Thus,  the  most  important  principle  is 
to  treat  the  underlying  disorder  generating  the  metabolic 
acidosis  and  resist  the  urge  to  play  chemist. 
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Metabolic  alkalosis  is  a  primary  pathophysiologic  event  characterized  by  the  gain  of  bicarbonate  or 
the  loss  of  nonvolatile  acid  from  extracellular  fluid.  The  kidney  preserves  normal  acid-base  balance 
by  two  mechanisms:  bicarbonate  reclamation,  mainly  in  the  proximal  tubule,  and  bicarbonate 
generation,  predominant!}  in  the  distal  nephron.  Bicarbonate  reclamation  is  mediated  mainly  by  a 
Na+-H+  antiporter  and  to  a  smaller  extent  bj  the  H+-ATPase  (adenosine  triphosphate-ase).  The 
principal  factors  affecting  HCO,"  reabsorption  include  effective  arterial  blood  volume,  glomerular 
nitration  rate,  chloride,  and  potassium.  Bicarbonate  regeneration  is  primaril)  affected  by  distal 
Na+  delivery  and  reabsorption.  aldosterone,  arterial  pH,  and  arterial  partial  pressure  of  carbon 
dioxide.  To  generate  metabolic  alkalosis,  either  a  gain  of  base  or  a  loss  of  acid  must  occur.  The  loss 
of  acid  may  be  via  the  gastrointestinal  tract  or  via  the  kidney.  Excess  base  may  be  gained  by  oral 
or  parenteral  IICO,  administration  or  bj  lactate,  acetate,  or  citrate  administration.  Factors  that 
help  maintain  metabolic  alkalosis  include  decreased  glomerular  filtration  rate,  volume  contraction. 
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hypokalemia,  hypochloremia,  and  aldosterone  excess.  Clinical  states  associated  with  metabolic 
alkalosis  are  vomiting,  mineralocorticoid  excess,  the  adrenogenital  syndrome,  licorice  Ingestion, 
diuretic  administration,  and  Bartter's  and  Gitelman's  s)  ndromes.  The  effects  of  metabolic  alkalosis 
on  the  !>od\  are  variable  and  include  effects  on  the  central  nervous  system,  myocardium,  skeletal 
muscle,  and  liver.  Treatment  of  this  disorder  is  simple,  once  the  pathophysiology  of  the  cause  is 
delineated.  Therapy  consists  of  reversing  the  contributor)  factors  thai  are  promoting  the  alkalosis 
and.  in  severe  cases,  administration  of  carbonic  anhydrase  inhibitors,  acid  infusion,  and  low  bicar- 
bonate dialysis.   Ke\  words,  metabolic  alkalosis,  acid-base.  [Respir  Care  2001;46(4):354    J65] 


Introduction 

Metabolic  alkalosis  is  a  pi  imary  pathophy  siologic  e\  enl 
characterized  by  the  gain  of  bicarbonate  or  the  loss  oi 
nonvolatile  acid  from  extracellular  fluid.  Alternatively,  it 

can  be  defined  as  a  primary  increase  in  plasma  bicarbonate 
concentration.  Several  authors1  have  reported  that  meta- 
bolic alkalosis  is  the  second  most  common  acid-base  dis- 
order in  hospitalized  adults,  constituting  around  3295  of  all 
acid-base  disorders. 

In  onlei  to  understand  this  disorder,  it  is  essential  to 
discuss  the  basic  mechanisms  of  hydrogen  ion  secretion 
and  bicarbonate  reabsorption  by  the  kidney.  Subsequently, 
the  generation  and  maintenance  of  metabolic  alkalosis  is 
described,  followed  by  a  summary  of  the  specific  condi 
lions  associated  with  this  disorder. 


i/ed  in  the  brush  bonier  membrane       Na'-K     ATPase 
(adenosine  triphosphate-ase)  provides  the  energy  for  this 
process;  hence,  it  is  termed  secondary  active  transport 
Recent  evidence  also  documents  the  presence  oi  an  II   - 

ATPase  accounting  for  a  smaller  portion  (about  a  third)  oi 
HC03    reabsorption.8  '■'  This  mechanism  is  primary  ac- 
tive transport.  The  other  primary  acid  transporter,  the  11 
K* -ATPase.  is  absent  in  the  proximal  tubule  but  plays  a 
major  role  in  distal  acidification. 

Figure  I  illustrates  the  salient  features  of  bicarbonate 
reabsorption  in  the  proximal  tubule.  The  generation  of 
protons  results  from  the  dissociation  of  carbonic  acid 
(H,CO,  «->  H  '  +  HCO,  ).  which  is  formed  by  the  hydra- 
tion of  CO:  (CO:  +  H,0  <->  H2CO,).  H  '  is  then  secreted 
into  the  tubular  lumen  in  exchange  for  Na".  maintaining 
electrical  neutrality,  v.  here  it  reacts  w  ith  the  filtered  HCO, 
to  form  1 1, CO,,  which  in  turn  dissociates  into  C02  and 


Renal  Secretion  of  Hydrogen 

The  kidney  preserves  normal  acid-base  balance  primar- 
ily by  two  mechanisms:  reabsorption  of  bicarbonate,  mainly 
b\  the  proximal  tubule  (also  known  as  bicarbonate  recla- 
mation 1.  and  acid  secretion,  predominantly  by  the  distal 
nephron  (also  known  as  bicarbonate  regeneration).  In  re- 
ality, there  is  some  acid  secretion  in  the  proximal  tubule 
and  some  HCO,  reabsorption  in  the  distal  tubule.  How- 
ever, tor  simplicity.  HCO,  reabsorption  will  be  assigned 
solely  to  (he  proximal  tubule  and  HCO,  regeneration  to 
the  distal  nephron. 

Reabsorption  of  Bicarbonate 

There  are  two  main  mechanisms  of  bicarbonate  recla- 
mation in  the  proximal  tubule.  Most  reabsorption  is  me- 
diated by  II     secretion  via  the  Na'-H"  antiporter  local- 
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Fig.  1 .  Bicarbonate  reabsorption  in  the  proximal  tubule.  (From  Sa- 
batini  S.  Kurtzman  NA.  Metabolic  alkalosis:  biochemical  mecha- 
nisms, pathophysiology,  and  treatment.  In:  Suki  WN,  Massry  SG, 
editors.  Therapy  of  renal  diseases  and  related  disorders,  3,a  ed. 
Boston:  Kluwer  Academic  Publishers:  1998:189-210.  with  per- 
mission.) 
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tl.o  ' l  Carbonic  anhydrase.  an  enzyme  found  both  on  the 
luminal  surface  and  in  the  cytosol  of  proximal  tubular 
cclK.  catalyzes  this  dissociation.  C02  diffuses  into  the 
tubular  cell,  continuing  the  cycle. 

Na^-K+-ATPase.  an  enzyme  found  on  the  basolateral 
sui  lace  of  proximal  tubular  cells,7-14,15  provides  the  source 
of  energ)  tor  H  secretion  by  the  proximal  tubule.  The 
en/>  me  generates  the  electrochemical  gradient  tor  luminal 
\a  entrj  by  maintaining  a  low  intracellular  NaH  (approx- 
imately 12  mEq/L).  Basolateral  sodium  exit,  mediated  by 
the  activity  of  Na '  -K  '  -ATPase.  thus  supplies  the  energy 
for  luminal  Na+-H+  exchange.71012-16 


Extracellular  Volume 

Effective  arterial  blood  volume  is  the  most  important 
factor  affecting  HCO,  reabsorption  in  the  proximal  t li - 
bule.l7,l)  When  volume  is  expanded,  proximal  sodium 
reabsorption  decreases  as  a  consequence,  and  bicarbonate 
reabsorption  decreases  secondarily.  Conversely,  when  vol- 
ume is  contracted,  sodium  reabsorption  is  increased,  as  is 
that  of  bicarbonate.  Bicarbonate  reabsorption  is  essentially 
complete  in  the  euvolemic  subject  until  the  plasma  level 
reaches  26  mEq/L.  at  which  point  HCO,"  begins  to  appear 
in  the  urine  (the  bicarbonate  maximum  tubular  rate  of 
reabsotption  [Tm| ).  In  the  volume-contracted  subject,  how- 
ever, a  Tm  is  not  seen,  and  HCCV  reabsorption  increases 
even  at  plasma  values  higher  than  26  mEq/L.  The  HCO," 
Tm  defines  the  maximum  rate  of  bicarbonate  reabsorption 
observed  under  the  particular  set  of  conditions  in  which  it 
is  measured  and  not  the  maximum  rale  possible. 


Glomerular  Filtration  Kate 

Pitts  and  Lotspeich2"  first  demonstrated  that  HCO,  re- 
absorption varied  in  proportion  to  changes  in  glomerular 
filtration  rate  (GFR).  They  noted  that,  at  low  levels  of 
filtered  load.  HCO,  reabsorption  by  the  kidney  was  com- 
plete and  no  HCO,  appeared  in  the  urine.  When  the  plasma 
HCO ,  reached  26-28  mEq/L.  no  further  increase  in  HCGV 
reabsorptive  rate  occurred  and  HCO,"  appeared  in  the  urine. 
Several  investigators  have  argued  that  the  filtered  load  of 
HCO,  is  a  major  determinant  of  the  HCO,  reabsorption. 
A  study  by  Berry  and  Cogan21  in  which  isolated  perfused 
proximal  tubules  from  rabbits  subjected  to  in  vitro  volume 
expansion  (induced  by  changing  luminal  protein  concen- 
tration) showed  no  change  in  HCO,  reabsorption.  whereas 
salt  transport  was  significantly  reduced.  This  observation 
is  in  contrast  to  Cohen's22  in  vivo  studies,  which  found 
that  there  was  a  correction  of  metabolic  alkalosis  during 
volume  expansion  when  the  GFR  (and.  hence,  the  filtered 
load  of  HC();   i  was  maintained  constant. 


The  resolution  of  these  conflicting  studies  has  major 
implications  for  our  understanding  of  the  forces  that  main- 
lain  metabolic  alkalosis.  It  the  filtered  load  of  HCO,  is 
the  major  determinant  of  its  excretory  rate,  then  subjects 
with  metabolic  alkalosis  must  have  a  decline  in  the  filtered 
load  of  HCO,  .  which  can  only  result  from  a  decrease  in 
GFR.  since  the  plasma  HCO,  is  high.  Correction  of  met- 
abolic alkalosis  would  therefore  best  be  directed  toward 
maneuvers  that  increase  the  filtered  load  of  bicarbonate, 
which  would  result  in  increased  urinary  excretion  of  bi- 
carbonate. On  the  other  hand,  if  the  study  by  Cohen22  is 
more  relevant,  then  attention  to  factors  other  than  the  fil- 
tered load  would  be  more  important  as  regards  correction. 

Chloride  Deficiency 

Chloride  deficiency  stimulates  bicarbonate  reabsorp- 
tion.21 2(1  Since  chloride  deficiency  invariably  means  salt 
depletion  and.  hence,  contraction  of  extracellular  volume, 
it  is  difficult  to  separate  the  effect  of  chloride  depletion 
from  contraction  of  extracellular  volume  on  HCO,  reab- 
sorption. Chloride  per  se  does  not  affect  the  Na  +  -H"  an- 
tiporter,  but  it  does  appear  to  alter  H+-ATPase  activity  in 
some  species." 


Potassium 

It  has  been  well  established  for  many  years  that  HCO, 
reabsorption  is  inversely  proportional  to  the  level  of  body 
K+  stores.  Kurtzman  et  al27  studied  HCO,  reabsorption  in 
3  groups  of  animals:  one  with  K  '  depletion,  a  second  with 
high  K+.  and  a  normal  third  group.  HCO,  reabsorption 
decreased  in  all  3  groups  following  volume  expansion.  At 
any  given  level  of  fractional  Na+  excretion.  HCO,"  reab- 
sorption was  higher  in  K  '  -depleted  animals  than  in  nor- 
mal animals:  K* -loaded  animals  had  the  lowest  rate  of 
HCO,  reabsorption.  When  salt  excretion  was  very  low. 
and  by  inference  volume  was  markedly  contracted,  there 
was  no  difference  in  bicarbonate  reabsorption  among  the  3 
groups.  Micropuncture  and  microperfusion  studies  have 
demonstrated  a  direct  effect  of  hypokalemia  on  the  capac- 
ity of  the  proximal  tubule  to  reabsorb  bicarbonate  :"  M  It  is 
likely  that  the  effects  of  K+  on  H+  ion  secretion  are  me- 
diated by  changes  in  cell  pH.  with  K*  depletion  causing 
intracellular  acidosis  and.  hence,  increased  HCO,  reab- 
sorption by  stimulating  the  Na  +  -H^  antiporter. 

Renal  Acid  Excretion  (Bicarbonate  Regeneration) 

Because  of  dietary  intake  and  intermediary  metabolism, 
there  is  a  daily  production  of  nonvolatile  acid  at  the  rate  o\ 
1-1.5  mEq/kg  body  weight.  This  acid  production  results 
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Fig.  2.  Hydrogen  ion  secretion  by  the  distal  nephron.  Electrogenic 
H  secretion  (H  -ATPase  [adenosine  triphosphate-ase])  and  elec- 
troneutral  proton  secretion  (H  -K  -ATPase)  account  for  virtually 
all  distal  nephron  acidification.  (From  Sabatini  S,  Kurtzman  NA. 
Metabolic  alkalosis:  biochemical  mechanisms,  pathophysiology, 
and  treatment.  In:  Suki  WN,  Massry  SG,  editors.  Therapy  of  renal 
diseases  and  related  disorders,  3rd  ed.  Boston:  Kluwer  Academic 
Publishers;  1998:189-210.  with  permission.) 


from  the  metabolism  of  sulfoproteins  and  phosphoproteins. 
Butters  present  in  the  extracellular  fluid  (mainly  HCO,  ) 
immediately  neutralize  the  acids  produced.  The  distal 
nephron  regenerates  the  consumed  HCO,"  such  that  70- 
I00  mEq/d  of  acid  is  excreted,  maintaining  normal  acid- 
base  balance  (Fig.  2). 

Net  acid  excretion  (NAE)  is  defined  as  follows:  NAE  = 
(urinary  titratable  acid  excretion  +  NH4H  excretion)  - 
urinary  HCO,  excretion.  Under  normal  conditions.  85- 
9()<7r  of  filtered  HCO,"  is  reabsorbed  by  the  proximal  tu- 
bule: hence,  titratable  acid  and  NH  ,  excretion  are  formed 
by  distal  proton  secretion.  If  the  distal  nephron  secretes 
excess  acid,  excess  HCO3  is  regenerated,  leading  to  met- 
abolic alkalosis. 


Titratable  Acid  Excretion 

Titratable  acid  refers  to  the  protons  present  in  the  urine 
in  the  form  of  weak  acid  anions.  The  most  abundant  buffer 
present  111  urine  is  phosphate  (pKa  [dissociation  constant]  = 
6.8)  followed  by  creatinine  (pKa  =  5.0)  and  urate  (pKa  = 
5.33).  According  to  the  Henderson-Hasselbalch  equation, 


pl  I  pKa  -  log  A/HA,  where  A  is  the  ba  e  and  HA  is  a 
weak  acid  From  this  equation,  the  pH  equals  the  pKa 
when  the  concentration  ol  ^equals  thai  ol  HA. This  means 
thai  when  the  pll  equals  the  pKa,  5091  ol  the  butter  is 
present  in  the  ionized  form  and  5091  is  in  the  un-ionized 
form.  An  ideal  buffet  has  a  pKa  between  the  blood  pll  and 
the  Una]  nunc  pl  1.  so  thai  il  can  accept  both  II  and  OH 
The  phosphate  buffer  pan  (pKa  6.8)  has  a  ratio  ol  1:1 
(NaHP04:NaH  ,P04)  al  .1  nunc  pll  ol  6.8.  At  a  pH  of  7.4. 
the  ratio  is  4:1.  and  as  urine  pll  falls  below  6.8,  virtuall) 
all  phosphate  has  been  titrated  and  other  urinary,  acids 
(creatinine,  urate)  assume  greater  importance.  These  other 
buffers  may  vary  depending  on  age.  sex.  and  diet.  For 
example,  men  have  higher  urinary  creatinine  excretion  1  l  81 1 
g/d)  than  do  women  (1.17  g/d).  The  amount  of  buffer 
present  in  the  urine  directly  determines  the  amount  ol 
titratable  acid  excreted.  Phosphate  is  the  most  abundant 
buffer  in  the  urine.  On  a  normal  diet,  its  excretion  is  rel- 
atively constant  (0.8-2  g/d).  so  the  bulk  of  titratable  acid 
is  phosphate.  With  malnutrition  and  certain  diets,  phos- 
phate depletion  might  occur,  and  no  phosphate  would  ap- 
pear in  the  urine.30 The  urine  pll  is  the  final  determinant  ol 
titratable  acid  excretion.  The  lower  the  urine  pH.  the  greater 
will  be  the  amount  of  titratable  acid  at  any  one  buffer 
concentration. 


Ammonium  Excretion 

In  the  renal  cell.  NH,  is  formed  from  glutamine  either 
from  the  acth  uy  of  phosphate-dependent  glutaminase  (dis- 
tal nephron)  or  phosphate-independent  glutaminase  (prox- 
imal tubule).31-32  Because  of  the  pKa  of  the  NH,:NH4* 
pair  (pKa  8.89).  virtually  all  the  NH,  synthesized  is  con 
verted  to  NH4  * .  In  the  proximal  tubule,  the  following 
reaction  occurs: 

Glutamine  <-»  2  NH4*  +  anion  <-»  HCO.,"  +  2  NH4* 

The  HCO,    returns  to  the  blood  and  NH/  enters  the 
tubular  fluid  \  ia  the  Na  *  -H  '  antiporter. ! '  ;4  Approximately 
50%  of  the  tubular  NH4  +  is  reabsorbed  in  the  thick  as- 
cending limb.  This  occurs  via  the  apical   Na    -k    -2CI 
cotransporter,  with  the  NH4  substituting  for  K 

NH4'   accumulates  in  the  hyperosmolar  medullary   in 
terstitium.  The  collecting  ducts  do  not  have  an  Nil,     s,- 
cretory    mechanism,  nor  do  they   have  substantial   Ml, 
permeability.  Thus,  the  tiny  percentage  o(  Nil,  found  in 
the  interstitium  diffuses  across  the  tubular  epithelium  via 
nonionic  diffusion  into  the  lumen,  where  it  is  protonated. 

Urine  pll  is  a  major  determinant  influencing  Nil  ex- 
cretion. I  he  relationship  is  inverse,  with  Nil,  excretion 
increasing  as  urine  pll  decreases.  The  acute  changes  m 
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excretion  are  related  to  changes  in  Ml,  distribution,  nol 

synthesis.  Moic  NH,  diffuses  into  the  tubular  lumen  than 
diffuses  into  the  peritubular  blood  II  mine  pi  I  is  increased 
acutely  (eg,  with  bicarbonate  or  acetazolamide  infusion), 
urinary  Ml,'  will  dissociate,  and  the  Ml,  then  diffuses 
into  the  peritubular  blood,  not  into  the  tubular  lumen.  K  ' 
depletion  stimulates  NH,  production  by  stimulating  glu- 
tamine  uptake  into  the  tubular  cell."  ,vl"  K  deprivation 
of  I  week's  duration  also  stimulates  titratable  acid  excre- 
tion in  isolated  perfused  rat  kidney,  but  the  importance  of 
this  finding  in  humans  is  not  clear.37 


Factors  Affecting  Distal  Acidification 
Distal  Sodium  Delivery 

Active  transport  of  Na+  generates  a  negative  potential 
difference  in  the  cortical  collecting  tubule  (CCT).  This 
accelerates  the  rate  of  proton  transport,  even  though  H^ 
secretion  occurs  in  the  absence  of  Na '  transport.  Thus, 
factors  that  interfere  with  Na+  reabsorption.  and  therefore 
with  the  generation  of  a  lumen  negative  potential  differ- 
ence, can  markedly  reduce  the  rate  of  distal  acidification. 

The  influence  of  Na+  transport  on  acidification  is  illus- 
trated by  the  effect  of  the  diuretic  amiloride.  which  blocks 
Na+  channels.  In  the  turtle  bladder,  the  drug  reduces  H  ' 
secretion  only  when  there  is  a  lumen  negative  potential 
difference,  which  it  reduces  to  zero.38  If  the  potential  dif- 
ference is  restored  to  control  values  in  the  presence  of 
amiloride.  acidification  returns  to  control  values. 

Since  a  lumen  negative  potential  favors  the  secretion  of 
K  *  as  well  as  H  ' ,  a  defect  in  Na  '  transport  should  also  be 
reflected  by  diminished  K*  secretion  and  hyperkalemia. 
All  these  features  (sodium  wastage,  hyperkalemia,  and  met- 
abolic acidosis),  have  been  described  in  patients  with  ob- 
structive uropathy  and  sickle  hemoglobinopathies. w  4I 

The  tubule's  capacity  to  transport  sodium  could  be  af- 
fected either  as  a  consequence  of  decreased  distal  delivery 
or  because  of  aldosterone  deficiency  or  resistance.  An  ex- 
ample of  the  role  of  decreased  distal  delivery  is  the  inabil- 
ity of  patients  w  ith  severe  liver  disease  to  acidify  the  urine. 
These  patients  have  impaired  delivery  of  sodium  to  the 
distal  nephron.  Giving  them  either  a  diuretic  or  an  infusion 
"I  sodium  sulfate  (both  increase  distal  Na '  delivery)  re- 
sults in  a  relatively  normal  acidification  response. 

Though  these  examples  of  metabolic  acidosis  are  asso- 
ciated with  a  decrease  in  lumen  negativity  toward  zero, 
increasing  lumen  negativity  (b)  increasing  Na '  reabsorp- 
tion or  decreasing  CI  reabsorption)  will  result  in  the  op- 
posite effect.  II  and  K.  excretion  will  increase  and  hy- 
pokalemic metabolic  alkalosis  will  ensue. 


Aldosterone  Excess 

Aldosterone  excess  favors  acid  excretion,  and  is  accom- 
panied by  hypokalemic  metabolic  alkalosis.  Aldosterone 
deficiency  is  associated  with  hyperkalemia  metabolic  ac- 
idosis. Distal  acidification  is  modulated  by  aldosterone 
through  a  variety  of  mechanisms.  Aldosterone  enhances 
both  Na+  and  CI  reabsorption  in  the  CCT.  However,  it 
stimulates  Na  *  reabsorption  more  than  it  stimulates  Cl~. 
This  results  in  increased  negativity  of  the  lumen,  favoring 
H  '  and  K  '  secretion,  thus  increasing  the  voltage-depen- 
dent component  of  acidification.  Aldosterone  also  stimu- 
lates Na+-K  +  -ATPase  in  the  CCT.42  It  also  stimulates 
apical  H  *  -ATPase  in  the  CCT  and  medullary  collecting 
tubule,  independent  of  tissue  K  *  stores.41  47  Finally,  al- 
dosterone increases  renal  ammoniagenesis. 

In  normal  subjects  on  a  high  salt  diet,  aldosterone  plays 
little  role  in  maintaining  acid-base  or  K+  homeostasis.48 
However,  in  disease  states  like  heart  failure,  which  are 
characterized  by  a  low  distal  delivery  of  Na  ' .  aldosterone 
assumes  increasing  importance.  In  this  situation,  aldoste- 
rone levels  are  high.  If  distal  Na*  delivery  is  increased  by 
diuretic  therapy,  hypokalemic  metabolic  alkalosis  may  de- 
velop. 


Decreased  Arterial  pH  or  Increased  Arterial  Partial 
Pressure  of  Carbon  Dioxide 

Decreased  arterial  pH  or  increased  arterial  partial  pres- 
sure of  carbon  dioxide  (PaCO )  results  in  a  decrease  in  urine 
pH.  to  less  than  5.5.  The  immediate  response  to  acidemia 
is  increased  urinary  titratable  acid  secondary  to  increased 
urinary  phosphate  excretion.  Consequently,  the  kidney  in- 
creases ammoniagenesis.  causing  ammonium  excretion  to 
rise  5-10  fold.4"  After  24  hours.  CCT  and  medullary  col- 
lecting tubule  H  -ATPase  and  H'-K*  -ATPase  also  in- 
crease.50 Increased  ammoniagenesis  excretion  is  the  mech- 
anism by  which  the  kidney  adapts  to  acidemia.  By 
increasing  the  production  of  excretion  of  ammonia,  the 
kidney  can  increase  the  acid  excretion  by  as  much  as  4-fold 
above  normal  baseline. 


Buffer  Content 

A  reduction  in  the  filtered  load  of  phosphate,  as  may  be 
seen  with  phosphate  depletion  or  an  increase  in  proximal 
phosphate  reabsorption.  results  in  decreased  delivery  of 
phosphate  to  the  distal  nephron.  This  is  reflected  by  a 
decrease  in  titratable  acid  formation  and  a  brief  period  o\' 
acid  retention.  This  does  not  cause  metabolic  acidosis. 
because  as  soon  as  a  small  amount  of  acid  is  retained. 
ammoniagenesis  is  stimulated. 
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I  Ik-  other  mam  urinary  buffer  is  ammonia  Increased 
levels  ol  aldosterone  enhance  ammoniagenesis,  whereas 
the  reverse  is  seen  in  u*-  absence.  Potassium  also  has  a 
similar  effect,  with  hyperkalemia  inhibiting  ammonia  pro- 
duction and  hypokalemia  stimulating  it. 

Potassium 

The  relative  contributions  ol  aldosterone  and  potassium 
are  difficult  to  separate  because  aldosterone  excess  is  usu- 
allj  associated  w  ith  h>  pokalemia,  both  of  w  Inch  stimulate 
ammonia  production.  Eiam-Ong  et  al"  examined  the  ef- 
fect of  aldosterone  and  potassium  independently  on  col- 
lecting tubule  II  ATPase  and  II  -K  '  -ATPase  activities. 
They  postulated  that  the  most  severe  metabolic  alkalosis 
would  occur  when  both  enzymes  were  maximally  stimu- 
lated. Experiments  w  ith  9  permutations  of  aldosterone  (ex 
cess,  normal,  and  deficiency  states)  and  potassium  (high, 
normal,  and  low  i  were  designed.  Only  8  permutations  were 
performed,  as  it  was  not  possible  to  induce  hyperkalemia 
m  the  presence  of  hyperaldosteronism  (Table  1). 

Alkalemia  was  most  severe  in  animals  with  aldosterone 
excess  and  hypokalemia.  In  this  group,  both  H* -ATPase 
and  11  -K  "-ATPase  activities  increased  markedly.  In  the 
group  with  hyperkalemia  and  aldosterone  deficiency,  both 
en/vnies  were  inhibited  and  acidemia  occurred.  It  only 
one  of  those  enzymes  was  turned  on.  modest  alkalemia 
resulted.  Aldosterone  stimulated  onlj  the  H  '  -ATPase  and 
hypokalemia  stimulated  only  the  H    -K    -ATPase. 

In  summary,  acid  excretion  by  the  kidney  takes  place  by 
two  mechanisms.  In  the  proximal  tubule.  HCO,  reclama- 
tion occurs  as  a  consequence  of  Na  '  -H  '  exchange.  In  the 
distal  nephron,  acid  excretion  occurs  by  the  formation  of 
titratable  acid  and  NH4 '  (bicarbonate  regeneration).  Urine 
pH  affects  the  formation  of  both  titratable  acid  and  NH4  ' . 
Aldosterone  is  the  major  hormone  affecting  distal  urinary. 
acidification  and  it  appears  to  act  by  stimulating  the  elec- 
trogenic  H  ' -ATPase  and  the  Na^-K' -ATPase.  Hypoka- 
lemia also  stimulates  distal  urinary  acidification  by  stim- 
ulating collecting  tubule  H  f-K  +  -ATPase  and  by  enhancing 
ammoniaizenesis  (Table  2). 


Table  I.       Effect  of  Body  Potassium  Stoies  and  Plasma  Aldosterone 
on  Plasma  Bicarbonate  Concentration  (in  mEq/L) 


Group 


Low  K  Diet        Normal  K  Diet        High  K  I  )iet 


Zero  aldosterone 
Normal  aldosterone 
High  aldosterone 

21 

29* 

46** 

24  ml  i 

20* 

24 

29* 

16** 

not  done 

In  sham  rats,  plasma  IK  o, 
p      0.03 
>p      0.005  n  sham  (*•) 

I  o  generate  metabolic  alkalosis,  eithei  a  gain  ol  base  oi 
a  loss  oi  acid  must  a  cui  l  he  loss  ol  ac  id  maj  be  \  ia  the 
gastioinicsiin.il  tract,  as  vomitus,  or  via  the  kidneys.  Noi 
mall}  the  kidneys  excrete  aboul  100  mEq  ol  ,i^n\  daily 
produced  as  a  consequence  ol  normal  protein  metabolism. 
Foi  each  mEq  ol  acid  excreted  in  urine,  I  mEq  ol  new 
IK'o     is  generated  and  added  to  the  blood  Foi  metabolic 

alkalosis  to  be  generated  b)  the  kidney,  net  acid  excretion 
inn  si  increase,  resulting  in  the  addition  ol  excess  IK  ( )  to 
the  blood.  I  his  is  a  function  mainly  of  the  distal  nephron 
Even  il  new  HC03  is  added  to  the  blood,  metabolic  al- 
kalosis does  not  necessarily  occur,  as  the  kidney  may  ex 
crete  this  excess  Foi  sustained  metabolic  alkalosis  to  oc- 
cur, the  excess  IK'O,  must  not  be  excreted:  that  is.  the 
kidney  must  reclaim  the  high  HC03  present  in  the  glo- 
merular filtrate.  Also,  an  increase  in  HCO3  reabsorptive 
capacity  alone  cannot  generate  metabolic  alkalosis,  be- 
cause HC'O,  reabsorption  is  normally  loo';  to  begin  with. 
Aldosterone  excess  increases  Na  reabsorption  in  the 
distal  nephron  and  enhances  II  and  K  secretion.  The 
increased  Na  reabsorption  results  in  extracellular  volume 
expansion,  which  in  turn  depresses  proximal  reabsorption. 
thus  increasing  distal  Na*  delivery.  Therefore,  patients 
with  primary  aldosterone  excess  typically  have  metabolic 
alkalosis  accompanied  by  hypokalemia. 

Maintenance  of  Metabolic  Alkalosis 

Numerous  factors  play  a  role  in  the  maintenance  ol 
metabolic  alkalosis  (Table  3).  Glomerular  filtration  rate  is 
reduced  in  virtually  all  patients  with  the  syndrome  who  are 
volume  contracted.  This  reduction  prevents  the  increased 
HCO,  from  being  filtered.  Therefore,  even  though  the 
plasma  HCO,  is  increased,  excretion  does  not  rise  Hy- 
pokalemia perpetuates  metabolic  alkalosis  by  reducing  the 
GFR.  This  reduction  occurs  because  of  increased  renal 
vascular  resistance.  —•-  Volume  contraction  may  have  an 
effect  independent  of  filtered  load  to  stimulate  tubular 
HCO,  absorption.  Potassium  depletion  also  stimulates  tu- 
bular reabsorption  of  HCO.  as  a  result  of  intracellular 
acidosis.  Hypochloremia  per  se  stimulates  renin  release, 
resulting  in  a  decreased  GFR.S4S5 

There  may  also  be  a  role  for  passive  HCO3  backtlux  in 
the  maintenance  of  metabolic  alkalosis/"  There  is  an  in- 
crease in  HCO;  concentration  in  the  proximal  tubule  (.lur- 
ing metabolic  alkalosis.  Thus,  the  increase  in  salt  and  wa- 
ter reabsorption  that  occurs  m  subjects  with  metabolic 
alkalosis,  combined  with  the  decrease  in  H  ion  secretion, 
results  m  an  increase  in  the  HCO,  concentration  of  the 
urine  in  the  proximal  tubule.  This  may  exceed  (he  blood 
concentration,  resulting  in  a  gradient  for  HCO,  transport 
from  the  lumen  to  the  blood.  Cogan  and  Liu,53  in  a  1111- 
cropuncture  study   in  rats  following  HCO,    loading,  did 
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fable  2        [Tie  Generation  ol  Metabolic  Alk.il.iM-. 


i  leneration 


Examples 


I    l  oss  oi  acid  from  extracellulai  space 
\    I  oss  "i  gastric  fluid  (HC1) 
H    Acid  loss  in  the  in iiu-   increased  iIim.iI  N.i    deliverj 

in  presence  ol  hyperaldosteronism 
i      \.  ui  shifts  into  cells 
1)    I  oss  ot  ,kkI  into  stool 
ii    I  \u-.Mn-  lico.   loads 
A.  Absolute 

I .  ()r;il  or  parenteral  lico. 

1    Metabolic  conversion  of  the  sails  ol  organic  a<  ids 

lo  III  (1 

Ii    Relative 
111.  Posl  hypercapnic  states 


■  from  Reference  5 1 


Vomiting 

Primary  aldosteronism  ami  diuretic 

administration 
Potassium  deficiencj 
Congenital  chloride-losing  diarrhea 


Milk  alk.ih  syndrome 

Lactate,  acetate,  or  citrate  administration 

(especially  in  conditions  with  underlying 

liver  disease) 
NaHC03  dialysis 
Correction  ol  chronic  hypercapnia  in  presence 

ol  low-sail  diet  or  in  a  patient  uith 

congestive  heart  failure 


not  observe  gradients  high  enough  to  result  in  substantial 
backflux.  but  this  may  occur  in  some  models  of  metabolic 

alkalosis. 

Pathophysiologic  States  Associated  with  Metabolic 
Alkalosis 

Gastric  Alkalosis 

With  vomiting  or  gastrie  drainage,  profound  metabolic 
alkalosis  occurs  (Fig.  3).  This  may  be  accompanied  by 
marked   hypokalemia  and   volume  contraction.  These 


changes  result  from  mechanisms  other  than  the  loss  of 
Na+  and  K  '  in  vomitus,  since  there  is  little  Na '  and  K^ 
in  gastric  juice. 

With  the  loss  of  HCI.  plasma  HCO,"  rises,  with  little 
change  in  Na"1  and  K  +  .  When  the  plasma  HCO,  exceeds 
the  reabsorptive  capacity  of  the  proximal  tubule.  HCO," 
appears  in  the  urine.  Since  it  is  in  the  form  oi  NallCO,. 
some  of  the  Na '  is  exchanged  for  K  * .  Therefore,  early  in 
the  process,  there  is  a  high  urine  pH.  Na ' .  and  K ' .  Chlo- 
ride is  lost  via  the  vomitus.  This  overall  loss  of  salt  iNa' 
in  the  urine,  and  CI  in  the  vomitus)  leads  to  volume 
contraction  and.  hence,  increased  proximal  HCO;    reab- 


Table  3       Factors  Thai  Maintain  Metabolic  Alkalosis 


I  ai  i'  'i 


Proposed  Mechanism 


Decreased  (II  K 

Volume  contraction 
Hypokalemia 

Hypochloremia 

Passive  backflux  oi  HCO 

Aldosterone 


Inereases  fractional  HCO,   reabsorption  and  prevents  the  elevated  plasma 
HCO,"  concentration  from  exceeding  the  bicarbonate  maximum  tubulai 

rate  ol  reabsorption. 
Stimulates  proximal  tubular  HO),    reabsorption. 
Decreases  GFR  and  increases  proximal  tubular  HCO,"  reabsorption; 

stimulates  Na-independent/K-dependenl  (low)  secretion  in  CC1 
Iik reascs  renin,  decreases  GFR,  and  decreases  distal  chloride  deliver) 

(increases  proton  secretion  in  MCT) 
Creates  a  fayorable  concentration  gradient  Foi  passive  HC03    movemenl 

lioni  piovimal  tubular  lumen  lo  blood 
Increases  Na    dependent  proton  secretion  in  CC1  and  n.i  independent 

proton  secretion  in  ('('I  and  \l('l 


HCO  retion  in  vivo 

i.iii-a  with  hypokalemia  thus,  the  pro  oride  in  humans  is  not  clearly  und 

-  I  >mcrulai  nttrati 

■  :    tubule 

\l<  1       medulla 
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Vomiting 

1 

Loss  of  HQ  and  H20  in  Vomitus  (Na  and  K  loss  minimal) 

i 
t  Plasma  HC03,  Plasma  Chloride  1 

i 
T  Distal  Delivery  of  HC03 

i 

T  Urine  HC03,  T  Urine  Na,  T  Urine  pH 


Volume  Contraction 
±lGFR 


►  T  ALDOSTERONE 

I 

T  H-ATPase  and  Na  Reabsorption  T 
(distal  nephron) 

I 

1 .  t  urine  K 

2.  i  urine  pH 

3.  J- urine  Na 

4.  -lii  urine  CL 


T  HCO3  Reabsorption  (proximal  nephron) 
(i  distal  Na  delivery) 


I 


1.  4-urineHC03 

2.  -L  urine  Na 


HYPOKALEMIC 
k  METABOLIC  ALKALOSIS ' 
I 

(K  depletion 

inhibits  aldosterone  and 
H-ATPase  but  stimulates 
H-K  ATPase) 

Fig.  3.  Schema  for  the  pathogenesis  of  gastric  alkalosis.  GFR  =  glomerular  filtration  rate.  ATPase  -  adenosine  tnphosphate-ase.  (From 
Sabatini  S,  Kurtzman  NA.  Metabolic  alkalosis:  biochemical  mechanisms,  pathophysiology,  and  treatment.  In:  Suki  WN,  Massry  SG,  editors. 
Therapy  of  renal  diseases  and  related  disorders,  3ra  ed.  Boston:  Kluwer  Academic  Publishers:  1998:189-210,  with  permission.) 


sorption.  This  serves  to  maintain  the  metabolic  alkalosis. 
As  proximal  reabsorption  increases,  decreased  amounts  ot 
HCO,  and  Na '  are  delivered  to  die  distal  nephron.  Be- 
cause of  volume  contraction,  aldosterone  is  stimulated. 
Aldosterone  then  stimulates  increased  Na  reabsorption 
and  K  '  secretion.  Because  of  decreased  distal  HCO,  de- 
livery, urine  pH  decreases  as  the  HC03  disappears  from 
the  urine. 

K  depletion  inhibits  aldosterone  secretion,  but  because 
of  the  stimuli  of  volume  contraction  and  hypokalemia, 
proximal  HCO,  reabsorption  remains  high.  Even  though 
aldosterone  levels  are  in  the  so-called  normal  range,  taking 
into  account  the  presence  of  hypokalemia,  a  profound  hy- 
peraldosteronism  actually  exists,  li  is  important  to  note 
that  urine  CI  remains  the  only  accurate  marker  of  volume 
status  in  all  phases  of  gastric  alkalosis.  Urine  Na  '   mav  be 


an  incorrect  marker,  since  it  is  high  early  in  gastric  alka- 
losis and  is  low  late  in  the  disorder. 

Therapy  is  directed  toward  collection  of  the  salt.  K  . 
and  water  deficits.  Urine  CI  is  used  to  assess  volume 
status.  Urine  CI   concentration  greater  than  40  mEq/L  usu- 


rable  4       Urinary  Electrolyte  Concentrations  and  pH  in  Gastric  and 
Diuretic-Induced  Metabolic  Alkalosis 


Vomiting 

Diuretic 

I  .11 K 

1  ate 

Treatment 

Na" 

T 

i 

T 

k 

T 

variable 

T 

CI 

1 

I 

r 

pH 

1 

1 

1 
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ally  indicates  that  sufficient  salt  has  been  administrated 
(Table  4). 

Mineralocorticoid  Excess  States 

Bypertensive  Disorders 

Many  conditions  are  associated  with  mineralocorticoid 
excess  and  metabolic  alkalosis.  These  may  be  associated 
with  high  or  low  renin  states.  Hypertension  may  or  may 
not  be  present,  depending  on  the  state  of  volume. 

Unilateral  renal  artery  stenosis  increases  renin  secre- 
tion: secondary  hyperaldosteronism  results  and  metabolic 
alkalosis  occurs  as  a  consequence  of  accelerated  potas- 
sium and  hydrogen  ion  secretion.  Renin-producing  tumors 
may  mimic  unilateral  renal  artery  stenosis.  These  include 
hemangiopericytomas  (juxtaglomerular  tumors),  Wilms'  tu- 
mor, renal  hamartomas,  and  occasionally  lung  malignancies. 

The  patient  with  primary  aldosteronism  may  have  a  uni- 
lateral adrenal  adenoma,  bilateral  adrenal  hyperplasia,  or, 
rarely,  adrenal  carcinoma.  These  disorders  are  the  second 
most  common  cause  of  secondary  hypertension  (seen  in 
1-2%  of  all  hypertensive  patients).  Surgical  resection  of 
the  adenoma  results  in  complete  correction.  Adrenal  car- 
cinoma, usually  metastatic  at  presentation,  is  associated 
with  increased  desoxycorticosterone  and  glucocorticoid 
production.  The  etiology  of  increased  aldosterone  is  un- 
known in  patients  with  bilateral  adrenal  hyperplasia.  The 
disorder  is  heterogeneous  in  nature,  with  a  subset  of  pa- 
tients responding  to  spironolactone,  another  subset  respond- 
ing to  dexamethasone,  and  a  third  subset  being  unrespon- 
sive to  either. 

The  adrenogenital  syndromes  causing  metabolic  alkalo- 
sis are  the  1 1  and  1 7-beta-hydroxylase  deficiencies.57  The 
defects  result  in  high  levels  of  desoxycorticosterone  be- 
cause of  high  ACTH  levels  resulting  from  the  reduced 
Cortisol  synthesis.  In  1 1  -hydroxylase  deficiency  there  is 
excess  androgen  synthesis,  resulting  in  precocious  puberty 
in  boys  and  virilization  in  girls.  With  1 7-beta-hydroxylase 
deficiency,  both  androgen  and  estrogen  synthesis  is  blocked 
and  both  sexes  develop  primarily  female  characteristics. 
Both  defects  are  associated  with  metabolic  alkalosis,  hy- 
pokalemia, and  hypertension.  Glucocorticoids  are  needed 
to  reduce  virilization  in  1 1 -hydroxylase  deficiency,  and 
sex  hormones  are  required  in  1 7-beta-hydroxylase  defi- 
ciency for  development  of  secondary  sex  characteristics. 

Licorice  ingestion  (natural  licorice)  results  in  hypokale- 
mic metabolic  alkalosis.  Renin  and  aldosterone  are  low. 
This  compound  impairs  the  action  of  the  enzyme  1 1-beta- 
h  vdroxysteroid  dehydrogenase  that  converts  Cortisol  to  cor- 
tisone in  aldosterone-responsive  tissues  such  as  the  col- 
lecting tubules  m  the  kidney.  Cortisol  binds  with  equal 
avidity  as  aldosterone  to  the  mineralocorticoid  receptor 
and  circulates  in  a  much  higher  concentration;  thus.  Cor- 


tisol would  inappropriately  function  as  a  mineralocorticoid 
were  it  not  converted  locally  by  1  l-beta-hydroxysteroul 
dehydrogenase  to  inactive  metabolites  such  as  cortisone. 
Endogenous  aldosterone  secretion  is  appropriately  sup- 
pressed in  this  setting,  which  has  been  called  the  syndrome 
of  apparent  mineralocorticoid  excess.  In  the  United  States 
the  compound  is  present  in  some  chewing  tobaccos.  A  few 
cases  characterized  by  spontaneous  deficiency  of  I  l-beta- 
hydroxysteroid  dehydrogenase  in  the  absence  of  licorice 
ingestion  has  also  been  reported.  Carbenoxolone.  an  agent 
used  in  Europe  to  treat  peptic  ulcer  disease,  is  similar  to 
glycyrrhizic  acid.  Also  nasal  sprays  containing  9-alpha- 
fluro-prednisolone.  if  used  to  excess,  could  result  in  hy- 
pertension and  metabolic  alkalosis. 

Patients  with  Liddle"s  syndrome  have  hypertension  and 
metabolic  alkalosis.  They  behave  as  if  they  have  miner- 
alocorticoid excess,  even  though  levels  of  renin  and  aldo- 
sterone are  actually  suppressed.5*  The  defect  is  in  the  Na  + 
channel  in  the  distal  nephron.  The  abnormalities  can  be 
reversed  with  amiloride  or  triamterene  administration,  but 
not  by  spironolactone. 

Diuretic  Administration 

Administration  of  thiazides,  ethacrynic  acid,  or  furo- 
semide  is  often  associated  with  metabolic  alkalosis.  That 
this  alkalosis  occurs  because  of  enhanced  excretion  of  Na+ 
and  CI"  without  proportional  loss  of  HCO,  (contraction 
alkalosis)  appears  simplistic.  Metabolic  alkalosis  occurs 
because  of  excess  renal  acid  excretion.  There  is  increased 
lumen  negativity  because  of  decreased  CI  permeability  in 
the  collecting  duct  and  increased  activity  of  one  of  the 
renal  ATPases. 

Furosemide  causes  metabolic  alkalosis  in  animals.59  If 
adrenalectomized  animals  are  given  diuretics  and  are  re- 
placed with  normal  amounts  of  aldosterone,  they  develop 
a  less  severe  alkalosis.  The  hypokalemia  that  ensues  stim- 
ulates H+-K+-ATPase  activity.  These  animals  do  not  get 
increased  levels  of  H  +  -ATPase  because  they  cannot  de- 
velop hyperaldosteronism.  When  an  H  +  -K+-ATPase  in- 
hibitor was  given  to  steroid-replete  adrenalectomized  an- 
imals treated  with  diuretics,  bicarbonate  concentration 
decreased  to  normal.  These  data  demonstrate  that  diuretic- 
induced  alkalosis  requires  activation  of  both  the  H '  - 
ATPase  and  the  H  l"-K+-ATPase.  The  former  is  caused  h\ 
increased  levels  of  aldosterone,  whereas  the  latter  is  the 
consequence  o\'  hypokalemia. 

The  effects  of  loop  diuretics  mimic  Banters  syndrome. 
There  is  decreased  reabsorption  of  Na ' .  K  ' .  and  CI  in  the 
loop  of  Henle.  This  leads  to  volume  contraction  and  hy- 
pokalemia: renin  and  aldosterone  secretion  increase.  Ele- 
vated aldosterone  leads  to  further  K  '  loss  and  increased 
H+  secretion  in  the  collecting  duct.  The  K"  depletion 
stimulates  renal  H'-K^-ATPase  activity.  Loop  diuretic 
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administration  is  distinguished  from  Banter's  syndrome 
In  testing  the  urine  for  diuretics   rhiazide  diuretics  mimic 
iIk-  effects  i 'i  Gitelman's  syndrome.  This  syndrome  ischai 
acterized  by  renal  magnesium  wasting,  inducing  renal  K 

loss  and  alkalosis,  and  is  due  to  a  defect  in  the  ik-uu.iI 
NaCl  transporter  in  the  distal  tubule. 

Butter's  Syndrome 

I  Ins  syndrome  is  associated  with  metabolic  alkalosis 
and  low  io  normal  blood  pressure.  It  has  been  suggested 
dun  this  syndrome  represents  a  form  of  sah  wastage  due  to 
defective  reabsorption  of  NaCl  in  tin.-  loop  of  Henle.60-61 
The  salt  wastage  contracts  plasma  volume,  which  stimu- 
lates renin  and  aldosterone  secretion.  As  loop  K  reab 
sorption  is  also  impaired,  adrenalectomy  does  not  correct 
this  delect.  Metabolic  alkalosis  results  from  K.  depletion 
and  mineralocorticoid  excess.  The  state  is  maintained  be- 
cause ot  enhanced  proximal  reabsorption  secondary  to  con- 
tracted plasma  volume  and  hypokalemia.  Therapj  of  such 
patients  is  difficult,  with  massive  amounts  of  potassium 
needed  to  even  partialis  correct  hypokalemia.  In  addition. 
hypomagnesemia  is  often  present. 

Gitelman's  Sj  ndrome 

I'his  syndrome  is  rarer  than  Banter's  syndrome.  It  is 

usualK  diagnosed  in  late  childhood  or  earls  adulthood. 
The  primary  delect  in  this  disorder  is  the  neutral  NaCl 
transporter  in  the  distal  tubule.  The  delect  causes  Hypo- 
magnesemia, renal  K  loss,  and  metabolic  alkalosis.  Re- 
nin and  aldosterone  are  high,  as  m  Banter's  syndrome. 
Patients  with  Gitelman's  syndrome  respond  to  furosemide 
hut  not  thiazides.  The  reverse  is  seen  in  patients  afflicted 
with  Banter's  syndrome. 

Congenital  Chloride-Losing  Diarrhea 

Patients  with  this  rare  disease  have  hypochloremia.  a 
high  stool  CI  concentration,  and  an  absence  of  CT  in  the 
urine.  The  stool  CI  concentration  is  higher  than  the  sum 
of  Na'  and  K'  concentrations  These  patients  probably 
have  a  delect  in  CI  /HCO,  transport  in  the  colon  and 
ileum  and  are  unable  to  transport  CI  against  an  electro- 
chemical  gradient.  This  defect  results  in  the  loss  of  CT  and 
acid  in  the  stool,  which  causes  metabolic  alkalosis.  Vol 
nine  contraction  stimulates  the  renin-angiotensin-aldoste- 
rone axis,  resulting  in  loss  of  K  from  the  urme  as  well  as 
the  stool.  These  patients  do  not  respond  to  antidiarrhea 
medication,  making  therapy  difficult. 

Posthypercapnic  Metabolic   Mkalosis 

Chronic  hypercapnia  enhances  acid  and  chloride  excre- 
tion. In  the  distal  nephron  there  is  increased  11   -ATPase 


activity  (in  the  <  <  l  and  medullar)  collecting  tubule).' 
<  hronic  hypercapnia  also  stimulates  proximal  bicarbonate 
reabsorption,  maintaining  an  increased  concentration  ol 

plasma  HCO  following  the  return  ol  1',,,  Io  normal, 
there  is  usually  retention  ol  CI  and  loss  ol  IK  <)  in  the 
urine  li  patients  with  hypercapnia  are  on  a  low  salt  diet  01 

are  Heated  with  diuretics  so  that  volume  is  contracted, 
proximal  reabsorption  will  be  enhanced  and  HCO.  reab- 
sorption will  rem. un  elevated  following  the  return  ol  I',  ,,   to 

normal,  resulting  in  posthypercapnic  metabolic  alkalosis. 

II  llns  iv  pe  ol  alkalosis  OCCUTS  in  the  selling  ol  volume 
depletion,  it  is  corrected  by  salt  administration.  However, 
if  post  hypercapnic  metabolic  alkalosis  occurs  in  a  state  ol 
effective  volume  depletion,  such  as  in  congestive  heart 
failure,  treatment  differs  markedly.  In  this  setting,  salt  ad- 
ministration is  contraindicated  and  treatment  is  directed 
toward  improving  cardiac  function. 

Respiratory  Compensation 

Metabolic  alkalosis  mav  lead  to  compensatory  hypoven- 
tilation and  consequent  C02  retention.  Uncomplicated  met- 
abolic alkalosis  is  tisuallv  not  associated  with  profound 
alveolar  hypoventilation.  Pco  is  usually  not  higher  than 
55  mm  Hg.  Levels  higher  than  this  suggest  coexistent 
pulmonary  disease. 

Effects  of  Metabolic  Alkalosis 

Metabolic  alkalosis  affects  the  central  nervous  system 
in  a  variety  of  ways.  Cerebral  blood  flow  decreases,  leth- 
argy and  confusion  mav  occur,  and  if  alkalemia  is  severe, 
coma  and  seizures  mav  occur.  The  respiratory  center  may 
be  depressed,  therehv  decreasing  the  drive  for  alveolar 
ventilation.  The  respiratory  response  to  hypercapnia  is  also 
blunted.  This  mav  be  a  problem  m  patients  with  chrome 
pulmonary  disease.  Neuromuscular  irritability  can  occur 
and  is  manifested  by  muscle  twitching,  spasm,  and  tetanx. 
Positive  Chvostek's  and  Trousseau's  signs  max  be  present 
and  are  probably  related  to  the  decreased  ionizable  cal 
cium  seen  in  alkalemia. 

In  animal  studies."'  alkaline  pll  decreased  aldosterone 
release  in  response  to  angiotensin  II.  Alkalemia  also  de- 
creases myocardial  contractility  in  vitro,  as  well  as  blunts 
the  inotropic  response  to  norepinephrine.64  These  findings 
are  probably  the  result  of  decreased  cytosolic  calcium.  The 
effect  o\  metabolic  alkalosis  on  cardiac  function  in  hu- 
mans is  not  well  understood.  Initially  a  small  inotropic 
effect  occurs,  probably  the  result  o\  increased  peripheral 
vascular  resistance.  With  tune,  because  of  alterations  m 
cytosolic  calcium,  myocardial  contractility  is  depressed 
Electrocardiographic  changes  include  Q-T  prolongation 
and  U  waves,  as  well  as  atrial  and  ventricular  arrhythmia. 
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Dim  cues  may  precipitate  hepatic  coma  because  they 
cause  hypokalemic  metabolic  alkalosis.  In  this  condition 
there  is  extracellular  alkalosis  but  also  intracellular  acido- 
sis because  ol  the  movement  of  K'  out  of  cells,  and  H' 
into  cells.  Thus,  more  NH,  is  formed  outside  the  cell  and 
then  diffuses  into  the  cell,  where  it  is  converted  to  NH4  ' . 
NH, '  is  nondiffusable  and  thus  is  trapped  inside  the  cell, 
causing  toxicity. 

Hypokalemia  and  hypomagnesemia  frequently  coexist 
with  metabolic  alkalosis.  Hypokalemia  is  associated  with 
abnormalities  in  the  electrical  properties  of  the  heart  and 
muscle:  muscle  blood  How  decreases  because  of  vasocon- 
striction, and  there  are  abnormal  responses  to  a  variety  of 
hormones  and  drugs.  Hypokalemia  also  causes  a  renal 
concentrating  defect  and  stimulates  NH4  '  production,  fur- 
ther worsening  the  alkalemia. 

Therapy  of  Metabolic  Alkalosis 

Once  the  pathophysiology  of  the  type  of  metabolic  al- 
kalosis is  delineated,  the  treatment  is  simple.  If  volume 
contraction  is  the  underlying  mechanism,  it  should  be  re- 
stored to  normal.  Potassium  and  magnesium  deficits  should 
be  corrected.  Primary  mineralocorticoid  excess  may  be 
antagonized  with  spironolactone  prior  to  definitive  ther- 
apy. Carbonic  anhydrase  inhibitation.  acid  administration, 
and  hemodialysis  using  an  acid  bath  may  be  used  on  rare 
occasions  to  treat  the  disorder.  In  patients  with  posthyper- 
capnic  metabolic  alkalosis,  acetazolamide  will  result  in 
prompt  bicarbonate  diuresis  if  volume  status  is  normal. 
However,  in  patients  with  contraction  of  effective  volume, 
the  effect  of  this  diuretic  may  be  blunted  and  its  use  may 
make  the  patient  worse  . 

Infusion  of  a  dilute  solution  of  hydrochloric  acid  (NH4C1 
or  arginine  hydrochloride)  into  a  large  central  vein  over 
18-24  hours  may  be  done  in  selected  cases.  However. 
NH4C1  is  contraindicated  in  patients  with  hepatic  failure, 
and  both  NH4C1  and  arginine  hydrochloride  worsen 
azotemia  in  renal  failure. 

If  HC1  is  infused,  concentrations  of  100-200  mEq/L 
should  be  used.  To  calculate  the  amount  needed,  initial 
estimates  should  assume  a  distribution  in  only  the  extra- 
cellular space  (2()'/j  of  body  weight).  The  true  space  of 
distribution  is  ultimately  closer  to  509r  of  body  weight.  pH 
and  Pco  should  be  measured  frequently. 

In  patients  with  renal  failure  or  precarious  fluid  status, 
dialysis  against  a  high-Cl  /low-HCO,  may  help.  Hemo- 
dialysis allows  more  precise  regulation  of  fluids  compared 
to  peritoneal  dialysis. 

The  therapeutic  modalities  just  described  lie.  acid  infu- 
sion or  dialysis  and  carbonic  anhydrase  inhibitors)  have 
very  specific  and  limited  indications  and  may  be  verj 
hazardous  when  improperly  applied.  Their  use  should  be 


reserved  for  the  physician  who  is  an  expert  in  the  man- 
agement of  renal  disease  and  acid-base  disturbances. 
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Respiratory  acidosis,  or  primary  hypercapnia,  is  the  acid-base  disorder  that  results  from  an  in- 
crease in  arterial  partial  pressure  of  carbon  dioxide.  Acute  respiratory  acidosis  occurs  with  acute 
(Type  II)  respiratory  failure,  which  can  result  from  any  sudden  respiratory  parenchymal  (eg, 
pulmonary  edema),  airways  (eg,  chronic  obstructive  pulmonary  disease  or  asthma),  pleural,  chest 
wall,  neuromuscular  (eg,  spinal  cord  injury),  or  central  nervous  system  event  (eg,  drug  overdose). 
Chronic  respiratory  acidosis  can  result  from  numerous  processes  and  is  typified  by  a  sustained 
increase  in  arterial  partial  pressure  of  carbon  dioxide,  resulting  in  renal  adaptation,  and  a  more 
marked  increase  in  plasma  bicarbonate.  Mechanisms  of  respiratory  acidosis  include  increased 
carbon  dioxide  production,  alveolar  hypoventilation,  abnormal  respiratory  drive,  abnormalities  of 
the  chest  wall  and  respiratory  muscles,  and  increased  dead  space.  Although  the  symptoms,  signs, 
and  physiologic  consequences  of  respiratory  acidosis  are  numerous,  the  principal  effects  are  on  the 
central  nervous  and  cardiovascular  systems.  Treatment  for  respiratory  acidosis  may  include  inva- 
sive or  noninvasive  ventilatory  support  and  specific  medical  therapies  directed  at  the  underlying 
pathophysiology.  Key  words:  respiratory  acidosis,  mid-base,  acidosis,  alkalosis,  hypercapnia.  hypoven- 
tilation, respiratory  muscles.     [Respir  Care  2()()1;46(4):366— 383] 
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Introduction 

Arterial  partial  pressure  ol  carbon  dioxide  (!',,,,>  is 
nghtlv  regulated  under  normal  conditions  and  kepi  within 
a  fairl)  narrow  range  (37—43  mm  Hg  at  sea  level)  \i 
though  arterial  partial  pressure  ol  oxygen  (PaCj  i  decreases 
with  increasing  age.  PaCO  appeals  to  remain  unaltered 
firom  the  age  of  3  onwards.1  Respirator)  acidosis,  or  pri- 
mary hypercapnia,  is  the  acid-base  disorder  thai  results 
from  an  increase  in  PaCO  to  more  than  43  mm  Hg.  At 
altitude  the  normal  range  of  P„  ,,  is  lower  because  ol 
chronic  hyperventilation  resulting  from  hypoxia.  There 
fore,  al  I  5,000  feet  a  P,( ,,  of  40  mm  Hg  would  actually 
represent  substantial  hypercapnia.3  Whenever  CO,  excre- 
tion from  the  lungs  fails  (usuall)  from  alveolar  hypoven- 
tilation) to  match  the  body's  C02  production,  respiratorj 
acidosis  results.  Acute  respirators  acidosis  occurs  with 
acute  (Type  II)  respiratorj  failure  that  ma)  result  from  any 
sudden  respirator)  parenchymal,  airways,  pleural,  chest 
wall,  neuromuscular  or  central  nervous  system  (CNS)  event 
(Table  1 1.  It  is  characterized  b)  a  rapid  increase  in  PaCC,2 
with  minimal  increase  in  plasma  bicarbonate  and  a  large 
decrease  in  pll.  Chronic  respirator)  acidosis  is  typified  by  a 
sustained  increase  in  PaC0.  resulting  in  renal  adaptation  and 
a  more  marked  increase  in  plasma  bicarbonate  (Table  2). 
Respirator)  acidosis  must  be  carefully  distinguished  from 
secondar)  hypercapnia,  in  which  the  elevated  P.,(()  results 
from  hypoventilation  as  a  response  to  metabolic  alkalosis.3 

Pathophysiology  of  Respiratory  Acidosis 

In  respirator)    acidosis,  the  chemical  equilibrium  be- 
tween bicarbonate  (HCO,  )  and  carbonic  acid  (H2C03), 


H+  +  HCO,    ~  H:CO,  *->  H:0  +  CO; 


ill 


is  disrupted,  leading  to  the  acidification  of  body  fluids  or 
an  increase  in  hydrogen  ion  concentration  ([H']).J  The 
relationship  between  Pco  .  HC03.  and  pH  can  be  repre- 
sented using  a  Davenport  diagram  ( Fig.  I ).  the  Henderson- 
Hasselbalch  equation  ( Equation  2a).  or  the  Henderson  equa- 
tion (Equation  2b). 


pH  =  6.1    t  loglHCO-,    ]/(().()3  X  P(„  I 
|H    ]  =  kP(1)/HCO, 


(2a) 


(2b) 
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As  can  be  seen  from  Equations  2a  and  2b.  an  increase  in 

PaC0    in  the  absence  ol  an  mcieasc  m  1 1(  I  )      results  in  an 

increase  in  II     (ie,  a  decrease  in  pH).  With  acute  hyper 
capnia  (acute  respirator)  acidosis)  there  is  a  rapid  (over 

5  10  mini  but  small  increase  in  plasma  bicarbonate  that 
results  Iron)  the  titration  ol  nonbicarbonate  hods  buffers.4 
The  buffers  i  Bui  I,  winch  are  predominantl)  cellular,  com- 
bine with  II     derived  from  the  dissociation  ol  carbonic 

acid,  therebv  generating  bicarbonate: 

CO;  +  H:0  -»  H:CO,  -»  HCO,      •   I  I 

Buf     I  H:CO,   —  HBuf  -+  HCO 

The  consequence  is  an  increase  of  approximate^  0.1 

mEq/L  of  bicarbonate  for  each  1  mm  Hg  increase  in  Pa(  , , 
This  constrains  the  increase  in  |H  '  ]  to  approximatel)  0.75 
nEq/L  for  each  1  mm  Hg  increase  in  PaCO,.  Nevertheless. 
the  ratio  of  P.,, ,,  to  HCO,  increases  substantially,  result- 
ing in  a  large  decrease  in  pll  (acute  respirator)  acidosis) 
(Fig.  2).  For  example,  an  acute  increase  in  P„  ,, .  from  40 
to  80  mm  Hg,  will  result  in  an  acute  increase  in  bicarbon- 
ate, from  24  to  2S  mEq/L,  and  a  pll  of  approximately  7.12. 
Adroguc  and  Madias  have  demonstrated  in  an  experimen- 
tal animal  model  that  the  pre-existing  bicarbonate  level 
influences  the  magnitude  of  the  bicarbonate  change  seen 
with  acute  hypercapnia.'1-  In  the  setting  of  hypobicarbon- 
atemia  (eg,  as  may  occur  with  either  metabolic  acidosis  oi 
chronic  respiratory  alkalosis),  the  bicarbonate  increase  in 
response  to  acute  hypercapnia  is  magnified.  In  contrast 
with  preexisting  hyperbicarbonatemia  (eg.  as  ma)  occur 
with  either  metabolic  alkalosis  or  chronic  respiratory  aci- 
dosis), the  bicarbonate  increase  in  response  to  acute  hv - 
percapnia  is  blunted.  One  additional  consequence  ol  hy- 
percapnia is  a  substantial  decrease  in  Pa0  (hypoxemia),  as 
predicted  by  the  alveolar  air  equation  (Equation  4), 


(F102)(PB  -  Ph,o)  -  (Paco/R) 


(4) 


wherein  PAO  is  the  alveolar  oxygen  tension.  F,,,  is  the 
fraction  of  inspired  oxygen.  PB  is  the  barometric  pressure. 
PH;()  is  the  water  vapor  pressure.  PACOj  is'  the  alveolai 
carbon  dioxide  tension,  and  R  is  the  respirator)  quotient. 
Under  most  circumstances  Puo  is  essentially  equal  to 
PaCO .  The  PAO,  determines  the  maximum  Pa0  .  so  a  de- 
crease in  PAO,  will  always  result  in  a  decrease  in  P  , 
Because  life-threatening  manifestations  occur  when  PaD 
acutely  decreases  to  40  mm  Hg.  the  maximum  I',,  , ,  seen 
during  acute  hypercapnia  is  in  the  range  oi  SO  40  mm  Hg 
(assuming  the  patient  is  breathing  room  air.  F„ ,  0.21) 
One  additional  consequence  ol  severe  hypoxemia  is  lactic 
(metabolic  (acidosis,  which  can  further  lower  the  pll.  \\  hen 
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rable  I       Causes  ol  Acute  Respirator)  Acidosis 

Vcute  central  nervous  system  depression 

•  Drug  overdose  (benzodiazepines,  narcotics,  barbiturates,  propofol, 

majoi  tranquilizei  i) 

•  llc.nl  trauma 

•  Cerebrovasculai  accident 

•  Central  nervous  system  infection  (encephalitis) 
Vcute  neuromusculai  disease 

•  Guillain  Barr£  syndrome 

•  Spinal  conl  injur] 

•  Myasthenic  crisis 

•  Botulism 

•  Organophosphate  poisoning 
V(  ute  airways  disease 

•  Status  asthmaticus 

•  I  ppei  airwa)  ohsiruclion  daiyngospasni.  angioedema.  Ioiciliii 

bodj  aspiration) 

•  I  Kacerbation  of  chronic  obstructive  pulmonary  disease 
Acute  parenchymal  and  vascular  disease 

•  Cardiogenic  pulmonarj  edema 

•  Vcute  lung  injur) 

•  Multi-Iobar  pneumonia 
Massive  pulmonarj  embolism 
Acute  pleural  01  chest  wall  disease 

•  Pneumothorax 

•  Hemothorax 

•  Rail  chesl 


supplemental  oxygen  is  given  (eg.  increased  F10 ,)  there  is 
the  opportunity  for  more  severe  hypercapnia  to  develop. 
Willi  a  persistent  increase  in  CO:  tension  (chronic  hy- 
percapnia or  chronic  respiratory  acidosis),  there  is  an  up- 
regulation  of  Na  '  -H  *  antiporter  of  the  renal  brush-border 
enzymes.8  Increased  acid  excretion  in  respiratory  acidosis 
is  mediated  by  an  increase  in  distal  11  secretion.5-9-15 
With  renal  adaptation  to  chronic  hypercapnia,  the  fFP] 
increases  approximately  0.3  nEq/L  for  each  1  mm  Hg 
increase  in  PaCO  -16  Therefore,  under  these  circumstances 
the  ratio  of  PaCO  to  HCO,  returns  toward  normal  (eg. 
compensated  respiratory  acidosis),  resulting  in  only  a  mild 
to  moderate  reduction  in  pH  (see  Fig.  2).  In  addition, 
chloride  depletion  occurs  because  there  is  increased  chlo- 
ride excretion  (chloruresis)  and  a  shift  of  chloride  ions  into 
red  blood  cells.4  This  adaptation  is  usually  complete  by 
3-5  days  and  results  m  hypochloremic  hyperbicarbon- 
atemia  (Fig.  3).  Interestingly,  the  renal  response  to  chronic 
hypercapnia  is  minimally  affected  by  dietary  chloride  re- 
striction.16 Yd  unless  adequate  chloride  is  supplied,  plasma 
bicai  bonate  may  remain  markedly  clc\  ated  after  the  chronic 
hypercapnic  state  has  resolved.  This  can  culminate  in  a 
post-hypercapnic  alkalosis,  an  acid-base  stale  that  may  be 
confused  with  metabolic  alkalosis.  Post-In  pcrcapnic  alkalo- 
sis is  typically  treated  with  either  chloride  replacement  (usu- 
ally as  (he  potassium  salti  or  with  acetazolamide  (Diamox). 


Table 


Causes  of  Chronic  Respirator)  Failure 


Central  sleep  apnea 
Primar)  alveola)  hypoventilation 
Obesity  hypoventilation  syndrome 
Spinal  cord  injur) 
Diaphragmatic  paralysis 
Amyotrophic  lateral  sclerosis 
Myasthenia  gravis 
Muscular  dystrophy 
Multiple  sclerosis 
Poliomyelitis 
Hypothyroidism 
Kyphoscoliosis 
Thoracic  cage  disease 
Chronic  obstructive  pulmonary  disease- 
Severe  chronic  interstitial  lung  disease 


Although  respiratory  acidosis  is  usually  associated  with 
hypercapnia.  it  is  important  to  realize  that  it  can  also  be 
present  in  the  setting  of  apparent  eucapnia  or  hypocapnia. 
Normal  children  under  the  age  of  3  years  will  have  Paco 
in  the  range  of  33-37  mm  Hg.  During  pregnancy,  partic- 
ularly in  the  third  trimester.  P  l( , ,  t_\  pically  resides  at  28  -32 
mm  Hg.  as  a  result  of  hormonally  mediated  hyperventila- 
tion. Under  either  of  these  conditions  an  increase  in  Pa(  , , 
(ie.  respiratory  acidosis)  may  be  associated  with  PjCO 
values  that  are  still  below  43  mm  Hg.  Another  example  is 
the  coexistence  of  a  metabolic  acidosis  and  a  respiratory 
acidosis  (eg.  a  mixed  acid-base  disturbance).  For  example, 
in  pure  diabetic  ketoacidosis,  a  bicarbonate  of  10  mEq/L 
should  result  in  a  P.,co,  of  22  mm  Hg  (and  a  pH  of  7.27). 
If  a  concomitant  respirators  acidosis  is  present.  Pa< ,,  will 
increase  above  22  mm  Hg  but  may  still  reside  in  a  range 
typically  considered  hypocapnia 

Mechanisms  of  Hypercapnia  and  Respirator} 

Acidosis 

PaCO  is  directly  proportional  to  the  production  of  C02 
(Vco)  and  inversely  proportional  to  the  alveolar  ventila- 
tion (V.,).  which  determines  CO,  elimination. 


-.,((>. 


kVC0/VA 


(5) 


The  constant  k  is  equal  to  0.863  mm  Hg  when  CO: 
production  is  expressed  in  ml./min  (dry  gas.  standard  tem- 
perature and  pressure)  and  the  VA  is  expressed  as  l./min 
(saturated  gas.  body  temperature  and  pressure).17  The  VA 
is  the  part  of  the  total  minute  ventilation  (V,  i  that  reaches 
the  gas  exchange  surfaces  ^\  the  lung.  The  fraction  of  gas 
not  reaching  the  gas  exchange  surfaces  is  "wasted"  and  is 
referred  to  as  the  dead  space  volume.  The  term  V^/Vy 
idead  space/tidal  volume)  refers  to  the  proportion  of  each 
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Fig.  1 .  Davenport  diagram.  Plots  of  plasma  bicarbonate  concentration  ([HC03D  versus  blood  pH  at  various 
arterial  partial  pressure  of  carbon  dioxide  (PcoJ  values.  Point  A  represents  the  normal  state,  with  PCOj  of 
40  mm  Hg,  HC03~  of  24  mEq/L,  and  pH  of  7.40.  A  buffer  line  (BAC)  shows  the  response  to  either  an 
increase  (Point  B)  or  a  decrease  (Point  C)  in  Pco..  (From  Criner  GJ,  D'Alonzo  GE.  Pulmonary  pathophys- 
iology. Lindell.  PA:  Fence  Creek;  1999:81.  with  permission.) 


VT  breath  that  goes  to  ventilating  the  dead  spaee.  There- 
fore, the  denominator  of  Equation  5  can  be  rearranged  t< 
yield  Equation  6. 


P.,ro;  =  kV,    ,   VE(1  -  Vd/Vt) 


(6) 


Based  on  Equations  5  and  6.  it  becomes  evident  that 
hypercapnia  can  result  from  an  increase  in  C02  produc- 
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Fig.  2.  Relationship  between  arterial  partial  pressure  of  carbon 
dioxide  (PaCo,).  concentration  of  hydrogen  ions  ([H  '  ]).  and  pH  in 
acute  and  chronic  hypercapnia. 


tion.  a  decrease  in  \\  (either  decreased  total  V,.  or  in- 
creased V|/V,  ratio),  or  both.  In  each  of  these  cases.  CO, 
elimination  is  exceeded  by  CO,  production,  leading  to  an 
increase  in  CO,  tension.  That  stated,  the  overwhelming 
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Fig.  3.  Changes  in  acid-base  and  electrolytes  occurring  at  various 
stages  of  respiratory  acidosis.  P,lCo-  =  arterial  partial  pressure  of 
carbon  dioxide.  A"  =  unmeasured  plasma  anions.  CI'  =  plasma 
chloride.  Na  -  plasma  sodium.  HC03  plasma  bicarbonate. 
(From  Adrogue  HJ.  Madias  NE.  Management  of  life-threatening 
acid-base  disorders.  First  of  two  parts.  N  Engl  J  Med  1998:338(1): 
26-34.  with  permission.) 
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majority  of  cases  of  respiratory  acidosis  result  from  alve- 
olar hypoventilation. 

Increased  Carbon  Dioxide  Production.  Carbon  diox- 
ide is  a  by-product  of  the  body's  metabolic  processes, 
adding  a  substantial  amount  of  acid  to  the  circulation, 

which  must  he  excreted  by  the  lungs  and  the  kidneys  to 
prevent  the  development  of  acidosis.  An  increase  in  CO, 
production  can  result  from  numerous  processes,  including 
exercise,18  fever.1"  sepsis.2"-1  burns.20  -'thyrotoxicosis.'4 
and  catabolic  states  such  as  multi-organ  failure.25  For  ex- 
ample, with  each  degree  of  temperature  elevation  above 
normal.  CO,  production  increases  by  approximately  13%. " 
Therefore,  to  maintain  a  normal  PaCO,  in  the  setting  of  a 
fever  to  40°  C.  VA  must  be  increased  by  approximately 
40<7r.  Nutrition  also  affects  Vco,  and  depends  both  on  the 
respiratory  quotient  (the  ratio  of  C02  production  to  02 
consumption)  of  the  ingested  nutrients  and  the  total  caloric 
intake.  For  example,  the  respiratory  quotient  of  carbohy- 
drate is  1 .  that  of  fat  is  0.8.  and  that  of  protein  is  0.7.  When 
calories  are  given  in  excess  of  the  energy  needs,  these  are 
converted  in  the  body  to  fat  (lipogenesis),  increasing  the 
respiratory  quotient  to  approximately  8.0. 

Although  excess  C02  production  alone  might  lead  to 
hypercapnia,  this  rarely  occurs.  In  health,  an  increase  in 
VCOn  is  usually  matched  by  an  increase  in  C02  elimina- 
tion. For  example,  in  the  presence  of  a  normal  respiratory 
system,  VA  increases  to  keep  PaCo,  within  the  normal 
range  when  VCOi  increases  as  a  result  of  high  fever,  car- 
bohydrate loading,  or  vigorous  exercise.  In  contrast,  in 
patients  with  respiratory  diseases  that  limit  ventilatory  ca- 
pacity. VA  may  be  inadequate  to  eliminate  excess  C02. 
and  hypercapnia  with  overt  respiratory  failure  can  result.26 
In  stable  chronic  obstructive  pulmonary  disease  (COPD). 
a  carbohydrate-rich  meal  will  increase  VCCK  and  total  VE 
and  reduce  exercise  capacity,  compared  to  an  isocaloric 
fat-rich  preparation.27  Another  example  is  during  mechan- 
ical ventilation,  wherein  heavy  sedation  or  neuromuscular 
blockade  prevents  the  patient  from  increasing  VE  in  re- 
sponse to  increased  CO:  production. 2S  One  additional  clin- 
ical consequence  of  overfeeding  and  the  resultant  hyper- 
capnia is  failure  to  wean  from  mechanical  ventilation.2'' ■'" 

Alveolar  Hypoventilation.  In  the  setting  of  normal  or 
elevated  CO;  production,  a  decrease  in  VA  will  result  in 
by  percapnia.  Reduced  VA  can  result  from  either  a  decrease  in 
total  V,.  (the  product  of  respiratory  rate  and  VT)  or  abnormal 
\entilation-perfusion  (V/Q)  relationships  in  the  lung.  A  de- 
crease in  total  V|  i sometimes  referred  to  as  global  hypoven- 
tilation) will  result  in  hypercapnia  and  respiratory  acidosis.  In 
this  condition,  although  CO,  is  delivered  to  the  lung,  venti- 
lation is  inadequate  for  satisfactory  C02  elimination.  This 
results  in  an  increase  in  alveolar  CO;  and.  consequently, 
PaCO  .  "Phis  state  is  also  characterized  by  hypoxemia  with  a 


Table  3.       Causes  of  Global  Hypoventilation  Resulting  from 

Decreased  Central  Drue  (Won't  Breathe) 

General  anesthesia 

Sedatives 

Central  sleep  apnea/obesit)  hypoventilation  syndrome 

Primar)  alveola]  hypoventilation 

Cerebral  edema 

Central  nervous  sysicm  infection  (encephalitis) 

Cerebrovaseular  accident 

Central  nervous  system  trauma 

Hypothyroidism 

Brain  stem  lesions  (sarcoid,  medullary  infarction) 


normal  alveolar-arterial  oxygen  gradient  (P(A-a)02).  Global 
hypoventilation  can  result  from  either  a  decrease  in  respira- 
tory drive  ("won't  breathe")  (Table  3)  or  a  reduction  in  re- 
spiratory muscle  or  chest  wall  function  ("can't  breathe")  (Ta- 
ble 4). 

Abnormal  Ventilatory  Drive.  Under  normal  circum- 
stances an  increase  in  PaCO,  leads  to  a  marked  and  pre- 
dictable increase  in  central  respiratory  drive.  In  contrast, 
central  hypoventilation,  a  manifestation  of  abnormal  ven- 
tilatory control,  is  characterized  by  an  inappropriately  low 
drive  despite  the  presence  of  hypercapnia.1"  !1  ' 

The  central  respiratory  controller  resides  in  the  medulla 
and  receives  afferent  input  from  nearby  chemoreceptors 
and  from  a  number  of  peripheral  receptors.  The  central 
controller  also  receives  input  from  the  pons  and  from  a 
behavioral  control  center  in  the  cerebral  cortex.  Two  com- 
ponents of  the  controller,  the  dorsal  respiratory  group  and 
the  ventral  respiratory  group,  send  efferent  output  to  the 
diaphragm  and  accessory  respiratory  muscles,  respective- 
ly.36 Stimulation  of  central  chemoreceptors  (located  in  the 
medulla)  provides  the  principal  response  to  hypercapnia 
and  acidosis,  resulting  in  an  increase  in  the  frequency  of 
the  respiratory  rhythm.37  These  receptors  respond  primar- 
ily to  changes  in  the  hydrogen  ion  concentration  and  par- 
tial pressure  of  carbon  dioxide  (P, ,,  i  in  the  cerebrospinal 


Table  4.      Causes  ol  Global  Hypoventilation  Resulting  from 

Deereased  Respirators  Pump  Function  (Can't  Breathe i 

Chest  wall  disorders 

Kyphoscoliosis 

Thoracoplasty 

Obesity 

Respiratory  muscle  weakness 

•  Spinal  cord  (cervical  spine  injur]  I 

•  Anterior  horn  cell  (amyotrophic  lateral  sclerosis) 

•  Phrenic  nerve  (Guillain  Banc  syndrome) 

•  Neuromuscular  junction  (myasthenia  gravis) 

•  Myopathy  (polymyositis) 
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fluid  and  medullar)  interstitial  fluid.  An  increase  in  I',,  ,, 
or  1 1 1  I  stimulates  respiration,  w  hereas  a  decrease  in  I' ,, 
hi  |ll  I  inhibits  ventilation.  C03  is  lipid  soluble  and  is 
high!)  ami  rapidl)  permeable  across  the  blood  brain  bar- 
rier,  In  contrast,  hydrogen  ions  penetrate  the  blood  brain 
barriei  much  more  slowl)  and.  hence,  the  effect  on  ven 
tilation  is  slowei  and  smallei 

l  he  principal  peripheral  chemoreceptors  arc  the  carotid 
bodies,  rhese  receptors  are  located  al  the  bifurcation  of  the 
camtid  arteries,  arc  capable  ol  sensing  changes  in  l'1(1. 
and  arc  responsible  for  about  909S  ol  the  ventilator)  re- 
sponse to  hypoxemia  i  increase  in  V,  ).31  The  carotid  bod- 
ies appear  to  plas  a  lesser  role  in  the  response  lo  hyper- 
capnia  and  acidosis  '  Resection  of  the  carotid  bodies  leads 
to  an  increase  in  resting  Pa< ,,..  by  2-4  mm  Hg,  secondary 
to  a  reduction  in  the  VA.40 

\n  important  influence  on  respirator)  drive  is  the  level 
ol  CNS  arousal  During  non-REM  sleep  the  ventilators 
response  to  P„  ,,  is  blunted.  V,  decreases,  primarily  be- 
cause of  a  reduction  in  VT.  The  result  is  an  increase  in 
''.,( ii  n>  3-10  mm  Hg'"  In  addition.  REM  sleep  is  char- 
acterized h\  inhibition  of  spmal  motor  neurons  to  all  re- 
spirators muscles  cither  than  the  diaphragm.  The  conse- 
quence of  these  sleep-related  changes  is  a  substantial 
worsening  of  respiratory  acidosis  in  patients  with  pre-ex- 
isting hypercapnia,  especially  those  with  diaphragmatic 
dysfunction.  Studies  have  also  indicated  that  sleep  depri- 
sation  decreases  the  ventilator)  response  to  hypercapnia.41 
More  recently,  a  study  of  normals,  conducted  under  strictly 
controlled  behavioral  and  environmental  conditions,  found 
that  sleep  deprivation  tailed  to  reduce  either  the  sensitivity 
of  central  chemoreceptors  or  the  resting  VE.42 

Abnormalities  of  the  Chest  Wall  and  Respiratory  Mus- 
cles. Global  hypoventilation  can  also  result  from  disor- 
ders of  the  chest  wall  or  respiratory  muscle  pump.  In  these 
instances  respiratory  drive  is  often  elevated  but  ineffec- 
tive, either  because  the  resulting  total  V,  is  insufficient  to 
match  the  resistive  or  elastic  loads  placed  on  the  respira- 
tory system  or  because  of  the  impact  of  rapid  shallow 
breathing  on  V  v  Disorders  of  the  CNS  (upper  motor  neu- 
ron ).  spinal  cord,  anterior  horn  cells  ( lower  motor  neuron). 
phrenic  nerves,  neuromuscular  junction,  or  the  respiratory 
muscles  themselves  can  all  be  associated  with  either  acute 
or  chronic  hypercapnia.43 

Increased  Dead  Space.  Ventilation-perfusum  matching 
is  important  not  only  for  oxygenation  but  also  for  main- 
taining eucapnia.44  CO,  must  be  delivered  to  the  lung 
(perfusion.  0'  to  he  effectively  eliminated  through  venti- 
lation (V).  Therefore,  CG\  elimination  decreases  when 
perfusion  to  an  alveolar  segment  is  reduced.  This  fact  is 
often  not  appreciated  when  the  respirator)  controller  and 
respirator)   muscle  pump  are  functional,  because  an  in- 
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Fig.  4.  Influence  of  change  in  breathing  pattern  on  alveolar  venti- 
lation (Va).  Total  minute  ventilation  (VF,  the  product  of  respiratory 
frequency  and  tidal  volume  [VT])  remains  unchanged  in  going  from 
condition  A  to  condition  B.  In  condition  B,  a  rapid  shallow  breath- 
ing pattern  leads  to  an  increase  in  dead  space  ventilation  (VD)  and 
a  decrease  in  alveolar  ventilation. 


crease  in  total  V,  can  compensate  and  keep  P,< ,,   within 
the  normal  range.17 

Areas  of  lung  that  are  ventilated  but  inadequately 
perfused  lie.  wasted  ventilation)  can  be  collectively  rep- 
resented by  the  Vt)/VT  ratio,  or  the  amount  of  wasted 
volume  per  breath.  In  health.  V|}/Vr  is  approximate!)  0.25 
0.35  in  the  sitting  position  and  is  principalis  composed  ol 
the  anatomic  dead  space  (the  volume  of  the  conducting 
airways  from  the  trachea  to  the  terminal  bronchioles ).  Since 
this  is  a  fixed  anatomic  volume,  increasing  the  VT  will 
reduce  the  percentage  of  dead  space  ventilation.  Con- 
versely, an  increase  in  respirators  rale  ssith  a  decrease  in 
V,  (the  rapid  shallow  breathing  pattern  found  in  mans 
respirators  diseases)  will  increase  the  proportion  ol  dead 
space  ventilation  (Fig.  4).  At  a  fixed  total  V,  .  a  shift  to  a 
more  rapid  and  shallow  breathing  pattern  will  lead  to  h) 
percapnia  and  respirators  acidosis.  This  pattern  of  breath- 
ing is  often  present  during  acute  respirators  failure  (ARF) 
and  during  failure  to  wean  from  mechanical  ventilation.45,46 
The  anatomic  dead  space  (in  ml.i  can  be  approximated  by 
the  patient's  ideal  body  weight  in  pounds.  In  disease  stales 
associated  with  V/Q  mismatching,  there  mas  be  alveolar 
units  ssith  minimal  or  no  perfusion  and  that  arc.  therefore, 
incapable  of  effective!)  eliminating  CO:  (ie.  wasted  ven- 
tilation or  dead  space).  In  these  pathological  states,  the 
dead  space  is  referred  to  as  the  "physiologic  dead  space." 
a  value  that  includes  the  anatomic  dead  space.  Because  ol 
the  shape  of  the  CO:  dissociation  curse,  hyperventilation 
of  other  alveoli  can  effectively  compensate  and  keep  P  „  0 
normal.  If  other  alveolar  units  cannot  be  effectisels  lis 
perventilated  to  increase  C( ),  elimination,  an  ele\  ated  dead 
space  ssill  result  in  hypercapnia  and  respirators  acidosis 
Causes  of  an  increase  in  dead  space  include  pulmonary 
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embolism,  pulmonary  vascular  disease  with  remodeling 
and  obliteration  of  pulmonary  vessels,  pulmonary  capil- 
lar) compression  from  hyperinflation  or  positive  pressure 
ventilation,  and  destruction  or  obliteration  from  pulmo- 
nary parenchymal  diseases  such  as  emphysema  or  pulmo- 
nary fibrosis.  Any  process  that  causes  severe  pulmonary 
hypoperfusion  also  has  the  potential  to  reduce  CO;  elim- 
ination and  culminate  in  hypercapnia. 2K-47-49 

Symptoms,  Signs,  and  Physiologic  Consequences 
of  Hypercapnia 

Life-threatening  manifestations  may  occur  with  either 
severe  acute  respiratory  acidosis  or  with  acute  decompen- 
sation in  a  patient  with  chronic  hypercapnia.  In  either  in- 
stance, it  is  crucial  to  remember  that  hypercapnia  typically 
occurs  in  conjunction  with  hypoxemia.  In  fact,  when  a 
respiratory  arrest  takes  place  under  room  air  conditions, 
life-threatening  hypoxemia  develops  well  in  advance  of 
important  hypercapnia.  Because  of  the  large  body  stores  of 
C02,  PaCo,  increases  by  only  3-5  mm  Hg/min  after  the 
cessation  of  ventilation.4  In  contrast,  clinically  important 
severe  hypercapnia  may  occur  when  supplemental  oxygen 
blunts  the  decrease  in  Pa0.  Importantly,  CO,  rapidly  crosses 
cellular  membranes,  leading  to  a  prompt  reduction  in  in- 
tracellular pH.50  The  effect  of  intracellular  buffers,  de- 
creased proton  generation,  and  alterations  in  transmem- 
brane ion  exchange  can  result  in  the  intracellular  pH 
returning  to  near  normal  in  several  hours.51  Therefore, 
acute  hypercapnia  has  the  potential  to  rapidly  affect  many 
organ  systems. 

Central  Nervous  System 

The  clinical  manifestations  of  acute  hypercapnia  are  pre- 
dominantly neurologic.  In  the  extreme  this  is  often  re- 
ferred to  as  CO:  narcosis  or  hypercapnic  encephalopathy. 
The  presence  and  nature  of  these  symptoms  depends  on 
the  magnitude  of  hypercapnia  and  acidemia,  the  rapidity  of 
the  change  in  PaCO,  and  pH.  and  the  degree  of  concomitant 
hypoxemia.  In  acute  hypercapnia.  CO,  rapidly  diffuses 
across  the  blood-brain  barrier  to  increase  the  cerebrospinal 
fluid  |H*]  and  lower  the  cerebrospinal  fluid  pH.  These 
effects  are  transient  because,  by  approximately  24  hours, 
the  cerebrospinal  fluid  |HCO,~]  increases  to  that  seen  in 
the  plasma,  and  the  cerebrospinal  fluid  pH  increases.  One 
consequence  of  the  acute  hypercapnic  effect  is  vasodila- 
tion of  the  cerebral  vasculature,  an  increase  in  cerebral 
blood  flow  and  cerebral  blood  volume,  an  increase  in  in- 
tracranial pressure,  and  a  decrease  in  cerebral  compli- 
ance.52 M  It  appears  that  these  effects  are  pH-mediated. 
because  the  increased  intracranial  pressure  related  to  acute 
hypercapnia  can  be  blocked  by  concomitant  bicarbonate 
administration  to  keep  the  pH  at  7.40.55 


The  principal  neurologic  manifestations  of  acute  respi- 
ratory acidosis  and  hypercapnia  are  anxiety,  irritability, 
inability  to  concentrate,  confusion,  disorientation,  restless- 
ness, somnolence,  lethargy,  and  agitation.1  Headache  is 
often  present  at  night  and  upon  awakening  in  the  morning. 
Psychosis  may  be  present  and  manifest  as  euphoria,  hal- 
lucination, delusions,  or  delirium.1  Stupor  and  coma  ap- 
pear to  be  rare  and  are  only  seen  when  PaCO  is  markedly 
elevated,  typically  exceeding  70-100  mm  Hg.  The  phys- 
ical examination  may  reveal  tremor,  slurred  speech,  my- 
oclonus, asterixis.  pupillary  constriction,  and  blurring  of 
the  optic  discs  or  papilledema.4  Deep  tendon  reflexes  are 
often  brisk  with  mild  to  moderate  hypercapnia  but  dimin- 
ished when  P.,ro,  elevation  is  severe.41617 

Cardiovascular 

Acute  mild  to  moderate  hypercapnia  produces  increased 
release  of  circulating  catecholamines  (both  epinephrine  and 
norepinephrine)  and  direct  peripheral  vasodilation  through 
inhibition  of  vascular  smooth  muscle.50-56-58  Administra- 
tion of  bicarbonate  to  correct  the  pH  can  blunt  the  increase 
in  catecholamines.56  The  results  of  these  effects  are  a  hy- 
perdynamic state  with  increased  cardiac  output,  decreased 
systemic  vascular  resistance,  and  increased  heart  rate  with 
a  normal  or  elevated  blood  pressure.59"61  Correction  of  the 
acidemia  with  bicarbonate  appears  to  attenuate  the  in- 
creased cardiac  output.55  Acute  hypercapnia  can  produce  a 
transient  reduction  in  cardiac  contractility  by  interfering 
with  the  effect  of  calcium  on  myofilaments.'    ' 

On  exam,  the  skin  is  flushed  and  warm,  the  patient 
diaphoretic,  and  the  arterial  pulses  bounding.  In  contrast, 
when  hypercapnia  is  severe  or  associated  w ith  substantial 
hypoxemia,  hypotension  may  be  present  because  of  direct 
myocardial  depression.64-65  The  incidence  of  cardiac  ar- 
rhythmias (usually  supraventricular  tachyarrhythmias!  is 
increased,  often  because  of  hypoxemia,  rapid  fluctuations 
in  electrolytes,  and  increased  sympathetic  tone,  rather  than 
hypercapnia-indueed  cardiac  irritability.  Hypercapnia  also 
causes  a  rightward  shift  of  the  hemoglobin  dissociation 
curve,  favoring  unloading  of  oxygen  at  the  tissue  level  and 
therefore  enhancing  overall  oxygen  delivery  and  mainte- 
nance of  oxygen  consumption.59-61,66-67  It  must  also  be 
remembered  that  cardiogenic  pulmonary  edema  itself  can 
be  the  cause  of  hypercapnia.68 

Pulmonary  /Respiratory 

In  the  absence  of  central  or  peripheral  nervous  system 
depression,  acute  hypercapnia  is  associated  with  severe 
dyspnea  and  distress.  It  appears  that  hypercapnia  alone  can 
cause  an  increase  in  inspiratory  effort  sensation  indepen- 
dent of  the  simultaneous  increase  in  VE  that  may  accom- 
pany it.""  Hypercapnia  leads  to  a  decrease  in  PAOj  and. 
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therefore,  PBO,  as  predicted  b)  the  alveolai  aii  equation 
One  consequence  is  the  resulting  hypoxic  pulmonar)  va 
soconstriction  and  acute  pulmonar)  hypertension.  The  «-li 
red  effect  oi  acute  hypercapnia  in  normals  is  controvei 
sial,  though  pulmonar)  artery  pressures  and  pulmonarj 
vascular  resistance  maj  increase  '  Hypercapnia  itscli  has 
a  mild  pulmonary  vasoconstrictive  effect,  but  this  is  prob- 
ablj  mediated  more  bj  the  hydrogen  ion  concentration 
than  by  the  CO.  tension.71  "  Respirator)  acidosis  docs 
substantially  potentiate  the  vasoconstrictive  effects  of  hyp- 
oxia. In  patients  with  acute  lung  injury,  acute  hypercapnia 
(permissive  hypercapnia)  causes  an  increase  in  pulmonarj 
alter)  pressures,  though  pulmonary  vascular  resistance  mas 
not  increase.39  "'  One  reason  tor  the  observed  pulmonary 
hypertension  may  be  the  increased  flow  across  the  pulmo- 
narj circulation  that  results  from  an  increase  m  cardiac- 
output 

The  effects  of  acute  respirators  acidosis  on  respiratory 
muscle  function  are  controversial  Juan  et  al.7i  in  a  small 
study  of  normal  men.  found  that  acute  respiratory  acidosis 
decreases  diaphragmatic  contractility  and  endurance  time. 
In  contrast.  Mador  et  al74  found  no  decrease  in  diaphrag- 
matic contractility  with  acute  hypercapnia.  It  has  also  been 
observed  that  hypercapnia  did  not  reduce  maximum  ven- 
tilator) capacity  and  did  not  intensify  long-lasting  fatigue. 
but  it  did  augment  the  reduction  in  diaphragmatic  contrac- 
tility alter  sustained  maximal  ventilation.75 

Renal 

Renal  hemodynamics  appear  to  be  affected  by  changes 
in  both  oxygen  and  CO;  levels.  In  hypoxemic  COPD  pa- 
tients it  has  been  demonstrated  that  renovascular  resis- 
tance decreases  when  hyperoxemia  is  induced.  In  contrast, 
hypercapnia  causes  an  increase  in  renovascular  resistance 
and  appears  to  override  the  vasodilating  effects  of  hyper- 
oxemia." Hypercapnia  has  been  associated  with  retention 
of  both  sodium  and  water,  especially  when  there  is  con- 
comitant right  ventricular  dysfunction.  Suggested  mecha- 
nisms include  increased  antidiuretic  hormone  release, 
increased  Cortisol  secretion  and  direct  stimulation  of  the 
renin-angiotensin  sy  stem.4 

Chronic  Hypercapnia 

Chronic  hypercapnia  is  typically  less  dramatic  in  pre- 
sentation because  organ  systems  have  a  chance  to  com- 
pensate for  both  the  increase  in  PaCO  and  the  decrease  in 
pH.  For  example,  patients  with  chronic  hypercapnia  may 
have  no  or  minimal  neurologic  symptoms  despite  P,l((, 
greater  than  100  mm  Hg.  One  explanation  is  that,  unlike  in 
acute  hypercapnia.  cerebral  blood  flow  appears  to  be  nor- 
mal in  chronic  hypercapnia.77  The  only  clinical  signs  may 
be  morning  headaches,  mild  irritability,  lethargy,  and  a 


disturbed  sleep  pattern  with  a  reversal  ol  sleep/wake  cycle 

Respirator)  symptoms  ma)  be  minimal  because  ol  desen- 

sitization  Oi  dyspnea  and  changes  in  the  set  point  for  the 

respirator)  controller.  Because  ol  a  sedentary  lifestyle,  re- 
spirator) failure  is  frequent])  insidious  in  patients  with 
neuromuscular  disease.  Chrome  increase  in  the  respirator) 
load  may  also  depress  the  ventilator)  response  to  hyper- 
capnia     s" 

Other  Effects 

Respiratory  acidosis,  as  with  metabolic  acidosis,  may 
affect  gastric  antral  rhythms  and  fundic  tone  and  therefore 
may  contribute  to  gastroparesis.81  With  both  acute  and 
chronic  hypercapnia  it  is  common  to  see  a  mild  increase  in 
serum  sodium  levels.  Hyperphosphatemia  can  occur  with 
acute  hypercapnia  secondary  to  release  ol  phosphate  from 
tissue  sources.  Chronic  respiratory  acidosis  augments  uri- 
nary calcium  excretion  by  inhibiting  tubular  absorption.82 
In  contrast,  unlike  metabolic  acidosis,  chronic  respiratory 
acidosis  does  not  appear  to  cause  a  negative  calcium  bal- 
ance.83 

Assessment  of  Respiratory  Acidosis  and  Hypercapnia 

The  most  common  method  of  assessing  hypercapnia 
and  respiratory  acidosis  is  through  sampling  of  arterial 
blood  via  either  direct  arterial  puncture  or  an  indwelling 
intra-arterial  catheter.  The  sample  should  be  collected 
anaerobically  into  a  tube  with  anticoagulant  (usually  hep- 
arin) and  processed  immediately  or  cooled  to  4"  C  if  anal 
ysis  must  be  delayed.  With  this  technique,  arterial  pH  and 
the  Pco  are  directly  measured  and  then  used  to  calculate 
the  plasma  bicarbonate.  Plasma  bicarbonate  can  be  sepa- 
rately determined  by  sampling  venous  blood  and  measur- 
ing the  plasma  total  CO:  concentration  (95%  of  which  is 
plasma  bicarbonate).84  It  is  crucial  to  realize  that  measure 
ment  errors  can  occur  with  each  of  these  techniques.  Ac- 
curate determination  of  arterial  blood  depends  on  proper 
calibration  of  the  pH  and  Pco,  electrodes.  Fortunately,  as 
predicted  by  the  mass  action  equation  for  the  bicarbonate- 
carbonic  acid  system,  [H  '  ].  |HCO,  |,  and  P( ,,  arc  always 
in  equilibrium  (as  represented  by  the  Henderson  equa- 
tion).84 Arterial  blood  gas  (ABG)  analysis  results  should 
always  be  checked  against  the  Henderson  equation  (using 
the  measured  HCO,  )  to  ensure  the  validity  of  the  values 
Another  source  of  error  can  be  mistaking  venous  blood  for 
an  arterial  sample.  It  is  important  to  remember  that  the 
PCOi  is  higher  in  a  venous  sample,  by  approximate!)  6  mm 
Hg.  because  peripheral  tissues  add  CO:  to  the  venous 
blood. sl  Excessive  heparin  can  cause  a  dilutional  effect 
that  lowers  the  readings  for  both  Pco  and  HCO;  .  This 
problem  can  be  substantially  overcome  by  using  lyophi- 
h/ed  heparin.85  One  major  drawback  of  arterial  blood  sam- 
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Fig.  5.  Normal  capnogram  showing  plot  of  expired  carbon  dioxide 
tension  (PeCOj)  versus  time.  Phase  I  represents  expired  gas  from 
the  anatomic  dead  space.  Phase  II  represents  a  mixture  of  dead 
space  and  alveolar  gas.  Phase  III  represents  alveolar  gas.  The 
end-tidal  carbon  dioxide  (Petco,)  is  lne  carbon  dioxide  tension  at 
end-expiration  (or  start  of  inspiration). 


pling  is  the  invasive  nature  of  the  test.  In  addition,  the 
intermittent  nature  of  the  data  acquisition  and  the  possible 
delay  in  obtaining  results  does  not  provide  for  "real-time" 
information. 

Another  analytic  consideration  is  that  during  circulatory 
failure,  ABG  analysis  may  provide  misleading  information 
about  the  patient" s  acid-base  status.  Specifically,  in  the 
setting  of  adequate  ventilation,  severe  circulatory  failure 
or  cardiac  arrest  are  characterized  by  very  large  arterio- 
venous differences  in  pH  and  PaCO,  (pH  is  0.10-0.30  higher 
and  PCCK  is  20-45  mm  Hg  lower  in  arterial  blood  than  in 
mixed  venous  blood).  When  concomitant  severe  respira- 
tory failure  is  present,  the  arteriovenous  differences  are 
negligible,  approaching  those  seen  in  the  absence  of  cir- 
culatory shock.47  4K'8S 

End-Tidal  Carbon  Dioxide  Measurements 

Arterial  CO:  can  be  estimated  by  measuring  the  CCK 
concentration  in  expired  gas  by  a  technique  called  cap- 
nography.  During  mechanical  ventilation,  infrared  light 
absorption  is  the  most  common  method  of  performing  cap- 
nography  on  a  breath-by-breath  basis. S6  Two  types  of  an- 
alyzers are  in  common  clinical  use.  With  a  mainstream 
analyzer  the  sampling  chamber  is  a  part  of  the  ventilator 
circuit.  Delay  lime  in  analysis  of  gas  is  minimized  with 
this  circuit,  but  it  is  bulky  and  may  be  cumbersome  to  use. 
With  a  sidestream  analyzer,  a  sample  of  gas  is  drawn  off 
via  small-bore  tubing  to  a  remote  analyzer.  Though  less 
cumbersome,  the  tubing  may  become  clogged  with  secre- 
tions. The  output  from  these  analyzers  is  typically  dis- 
played  as  a  capnogram  (Fig.  5).  with  special  attention 
focused  on  the  determination  of  the  end-tidal  CO:  (P,  ,TCO,). 
In  a  healths  subject  with  minimal  dead-space  ventilation, 


Petco  approximates  P1(  ,,.  In  critically  ill  patients  with 
lung  pathology  that  increases  the  dead-space.  Petco  does 
not  accurately  predict  PaCO .  Elevated  PETCo,  indicates 
hypercapnia  but  the  magnitude  cannot  be  known  with  cer- 
tainly. More  importantly,  hypercapnia  may  be  present  in 
the  setting  of  a  normal  or  decreased  P,  rco  .  Petco  can  De 
used  to  assess  the  adequacy  of  cardiopulmonary  resusci- 
tation, since  a  low  PgTco  indicates  poor  pulmonary  per- 
fusion as  a  result  of  inadequate  resuscitation. K7  As  a  result, 
capnography  has  been  used  as  a  prognostic  marker  for  the 
outcome  of  cardiopulmonary  resuscitation.88-89 

Common  Clinical  Conditions  Associated  with 
Hypercapnia  and  Respiratory  Acidosis 

Chronic  Obstructive  Pulmonary  Disease 

A  substantial  proportion  of  patients  with  severe  COPD. 
usually  chronic  bronchitics  or  "blue  bloaters."  have  long- 
standing hypercapnia.  Although  the  incidence  increases 
with  worsening  obstructive  physiology  (eg.  forced  expira- 
tory volume  in  the  first  second  <  1  L  or  <  35%  of  pre- 
dicted), the  correlation  between  PaCO  and  indices  of  air 
flow  obstruction  is  relatively  poor.  Hypercapnia  has  been 
thought  to  be  a  poor  prognostic  factor,  though  the  issue  is 
controversial."" ■'"  Possible  mechanisms  for  hypercapnia  in- 
clude a  reduction  in  ventilatory  drive,  respiratory  muscle 
dysfunction  (mechanical  disadvantage,  weakness  or  fa- 
tigue), or  increased  wasted  ventilation  from  V/Q  mismatch 
(increased  dead  space)  in  the  setting  of  increased  resistive 
and  elastic  work  of  breathing  (WOB). 

Approximately  15%  of  the  population  has  a  reduced 
ventilatory  response  to  CO:.  with  these  individuals  being 
more  susceptible  to  C02  retention  in  the  face  of  respiratory 
diseases.  A  genetic  influence  is  possible,  because  blood 
relatives  of  patients  with  hypercapnic  COPD  may  have  an 
abnormal  response  to  hypoxia  and  hypercapnia.02  Addi- 
tional causes  of  blunted  C02  response  i  n  hypercapnic  COPD 
include  the  effects  of  chronic  hypoxia,  the  effects  of  chronic 
hypercapnia.  and  the  buffering  effects  of  chronic  hyperbi- 
carbonatemia.1  ls  "i"4  In  examining  respiratory  drive  in 
COPD.  investigators  found  increased  but  similar  values 
for  P(l  |  (mouth  occlusion  pressure  in  the  first  0. 1  second  of 
inspiration)  m  patients  with  and  without  hypercapnia.1" 
This  observation  suggests  that  respiratory  drive  is  abnor- 
mal in  hypercapnic  COPD.  because  one  would  expect  a 
higher  P0  ,  in  the  setting  of  an  elevated  P.,( , ,  . 

Respiratory  muscle  dysfunction  appears  to  be  abnormal 
in  COPD  and  this  mas  contribute  to  hypoventilation  and 
CO,  retention.  Hyperinflation  and  consequent  diaphrag- 
matic flattening  decrease  the  capacity  to  generate  inspira- 
tor) pressure  by  reducing  the  zone  of  apposition,  altering 
the  insertional  forces  between  diaphragm  and  lower  rib 
case  and  increasin»  the  radius  of  curvature  of  the  mus- 


374 


Respirators  Cari  »Aprd  2001  Vol  46  No  4 


Kl  SP1R  \H>R1    Ai  II >«  isis 


cle  '    "   Although  acute  reductions  in  diaphragmatic  length 
acute  hyperinflation)  decrease  maximum  Force  genei 
aiion.  adaptation  during  chronic  hyperinflation  appears  to 
maintain  the  muscles'  force  length  relationships      Simi- 
larly,  in  the  absence  of  malnutrition,  steroid  myopathy,  or 
.in  acute  myopathic  process,  intrinsic  respirator)  muscle 
dysfunction  does  nol  appear  to  be  present.  Acute  respira- 
tor) muscle  fatigue  m.i>  be  present  when  respirator]  ca 
pacit)  is  overwhelmed  b)  an  increase  in  WOB."  In  con- 
trast, i"  date  there  is  no  com  incing  e\  idence  thai  a  state  of 
chronic  respirator)  muscle  fatigue  exists  to  explain  hypei 
capnia. 

Whatever  the  cause  of  the  elevated  P, ,,  in  COPD.  it  is 
relevant  that  these  muscles  must  confront  both  increased 
resistive  and  elastic  (related  to  dynamic  hyperinflation) 
loads.  In  a  Stud)  of  31  I  stable  COPD  patients.  Begin  and 
Grassino99  found  that  chronic  alveolar  hypoventilation  was 
most  likel)  to  develop  in  patients  who  had  a  combination  of 
elevated  inspiratory  load  and  inspirators  muscle  weakness. 

Patients  with  hypercapnic  COPD  may  demonstrate  se- 
vere V/Q  mismatching,  with  an  elevation  of  dead-space 
ventilation."1""  Another  factor  contributing  to  increased 
dead  space  is  the  rapid  shallow  breathing  pattern  seen  in 
this  setting.'"""  ""Compared  toeucapnic  COPD  patients, 
those  with  hypercapnia  have  lower  VT.  similar  or  increased 
respirator)  rate,  and  similar  or  decreased  VF/"""  ""  The 
pathogenesis  of  rapid  shallow  breathing  remains  uncertain, 
but  may  reflect  stimulation  of  the  irritant  or  J  receptors,  the 
imbalance  between  respiratory  load  and  capacity,  or  ab- 
normal neuromuscular  coupling. 

Obesity  Hypoventilation  Syndrome 

Some  morbidly  obese  patients  (body  mass  index  >  40 
kg/nr)  ma)  have  a  syndrome  characterized  by  chronic 
hypoventilation  and  chronic  respirator)  failure  (obesity  hy- 
poventilation syndrome).  Studies  of  patients  with  obesit) 
hypoventilation  syndrome  indicate  that  they  have  both  re- 
duced ventilatory  drive  and  increased  WOB.32-104105  Acute 
hypercapnia  can  also  occur  because  of  periodic  breathing 
with  an  associated  temporal  V/Q  mismatch.""'  The  WOB 
increases  because  the  total  respiratory  system  compliance 
is  reduced  secondary  to  chest  wall  and  abdominal  influ- 
ences and  probably  microatelectasis.1  ""  "l7  An  element 
of  respiratory  muscle  dysfunction  may  also  be  present. 
possibly  because  of  fatty  infiltration  of  the  muscles.  "Is  The 
imbalance  between  respiratory  muscle  capacity  and  load 
may  help  explain  why  patients  with  obesity  hypoventila- 
tion syndrome  tend  to  have  a  more  rapid  and  shallow 
breathing  pattern  than  obese  patients  with  eucapnia.''  Pa 
tients  with  obesity  hypoventilation  syndrome  are  prone  to 
develop  obstructive  apnea  during  sleep  and  this  may  con- 
tribute to  further  elevations  of  P,(  , ,  .  "  Conversely,  only  a 
small  fraction  of  patients  with  primary  obstructive  sleep 


apnea  manifest  daytime  hypercapnia.  and  these  patients 

appear  to  have  concomitant  airways  disease 
Respiratory  Muscle  Weakness 

A  wide  array  ol  neuromuscular  diseases  have  been  as 

sociated  with  respirator)  muscle  weakness.4  Respirator) 
muscle  involvement  may  be  part  ol  a  more  generalized 

neuromuscular  process  (eg,  amyotrophic  lateral  sclerosis 
or  muscular  dystrophy  i  or  may  represent  the  disease's  only 
manifestation.  Patients  with  neuromuscular  disease  can 
present  with  hypercapnic  respiratory  failure,  though  many 
have  a  paucity  of  symptoms  at  presentation.1"  "7  A  pat- 
tern ol  rapid  and  shallow  breathing  is  frequent!)  observed, 
and  this  contributes  to  hypercapnia  by  increasing  the  frac- 
tion of  total  V]  that  is  wasted.  Most  patients  with  neuro- 
muscular respiratory  disease  exhibit  an  increase  in  respi- 
ratory drive  when  assessed  via  either  mouth  occlusion 
pressure  i  P,,  ,  i  or  electromyogram  of  the  diaphragm. ' is  In 
contrast,  some  diseases  of  the  neuromuscular  system,  such 
as  myotonic  dystrophy  and  hypothyroidism,  also  affect  the 
respiratory  controller  and  may  be  associated  with  decreased 
respiratory  drive.""" 

Special  Considerations 

Worsening  Hypercapnia  in  Response  to 
Supplemental  Oxygen  Therapy 

Supplemental  oxygen  therapy  given  to  a  patient  with 
COPD  exacerbation  may  lead  to  worsening  hypercapnia. ' :" 
It  was  traditionally  thought  that  this  was  secondary  to 
removal  of  hypoxic  ventilatory  drive,  which  superseded 
hypercapnic  ventilatory  drive  when  chronic  hypercapnia 
was  present.  Aubier  et  al121  compared  20  COPD  patients 
in  their  chronic  states  and  in  ARF.  and  found  that  supple- 
mental oxygen  reduced  the  VE  by  14%  because  of  a  small 
decrease  in  respiratory  rate.  This  was  not  thought  to  con- 
tribute entirely  to  the  observed  hypercapnia.  A  subsequent 
study  of  patients  with  COPD  and  ARF  examined  the  effect 
of  breathing  100%  oxygen  and  found  a  transient  decrease 
in  VE.122  Within  15  minutes  V(.  increased  to  9391  oi  the 
control  value,  but  P,<  (,  remained  elevated  by  an  average 
of  23  mm  Hg  (and  showed  no  correlation  with  V,  i.  Based 
on  their  analysis,  the  authors  attributed  the  hypercapnia  to 
an  increase  in  dead  space  ventilation  and  V/Q  mismatch 
due  to  the  loss  of  hypoxic  pulmonary  vasoconstriction. 
This  finding  that  the  major  component  m  hypercapnia  is 
worsening  V/Q  ratio  and  not  a  decrease  in  ventilatory 
drive  was  subsequently  confirmed  by  Dick  et  al123  and 
Sassoon  et  al.124  An  investigation  ol  mechanically  venti- 
lated patients  found  that,  following  a  period  of  normoxia, 
a  further  increase  in  ll(l  did  nol  result  m  greater  hyper 
capnia.1"  However,  a  recent  stud)  divided  patients  with 
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acute  exacerbation  of  COPD  into  CO,  retainers  and  CO, 
nonretainers  and  examined  their  \  cntilatorv  drives  and  V/Q 
matching  using  the  multiple  inert  gas  elimination  tech- 
nique.126 The  authors  found  equivalent  reductions  in  V/Q 
ratio  and  increased  dead  space  in  both  groups,  but  a  wors- 
ening oi  respirator)  drive  in  the  C02  retainers.  It  thus 
appears  that  the  hypercapnia  seen  with  supplemental  02 
therapy  in  COPD  is  multifactorial.  Hypoxia  at  baseline 
and  acidosis  are  better  predictors  of  oxygen-induced  CO, 
narcosis  than  hypercapnia.126,127 

Another  factor  contributing  to  hypercapnia  is  the  Hal- 
dane  effect  (the  decreased  hemoglobin  affinity  for  C02  in 
the  presence  of  increased  oxygen  saturation). l:sl29  In  es- 
sence this  creates  excess  C02  that  must  be  eliminated 
through  .in  increase  in  VA.  The  magnitude  of  this  effect  is 
controversial  and  may  account  for  30-78%-  of  the  ob- 
served increase  in  Paco2-130'131  A  computer  simulation 
model  found  that  oxygen-induced  hypercapnia  could  be 
entirely  accounted  for  by  a  combination  of  the  Haldane 
effect  and  the  release  of  hypoxic  pulmonary  vasoconstric- 
tion, leading  to  an  increase  in  physiologic  dead  space.132 

Lastly,  hypercapnic  COPD  patients  requiring  long-term 
oxygen  therapy  are  also  at  risk  for  worsening  hypercapnia. 
especially  during  sleep.  Studies  have  demonstrated  that 
concomitant  use  on  nocturnal  noninvasive  ventilation  can 
counter  alveolar  hypoventilation  and  improve  ABG  val- 
ues, sleep,  and  quality  of  life.'3' 

Asthma 

Hypercapnia  is  a  sign  of  severe  air  flow  obstruction  in 
a  patient  with  status  asthmaticus.  Recent  investigations 
indicate  that  the  majority  of  patients  with  asthma  and  hy- 
percapnia do  not  require  mechanical  ventilation  but  im- 
prove with  medical  therapy  within  16  hours.134  Chien  et 
al135  examined  in  acutely  ill  asthmatics  the  effect  of  breath- 
ing 100%  oxygen  for  20  minutes.  Hypercapnia  developed 
in  nearly  67%.  with  increases  ranging  from  L— 10  mm  Hg. 
and  was  most  likely  to  occur  in  patients  with  the  most 
severe  airway  obstruction.  Although  the  increase  in  PaCO, 
was  modest,  the  authors  speculated  that  more  prolonged 
hyperoxia  may  lead  to  severe  hypercapnia. 

Others 

Oxygen  therapv  can  worsen  hypercapnia  in  patients  with 
neuromuscular  disease  and  diaphragmatic  dysfunction  and 
in  some  patients  with  obesity  hypoventilation  syn- 
drome."1 '", 

Permissive  Hypercapnia 

Accumulating  animal  and  human  evidence  indicates  that 
application  of  low  V,  (low  stretch  or  lung-protective  strat- 


egy) during  mechanical  ventilation  of  patients  with  acute 
lung  injur)  mav  decrease  ventilator-associated  lung  injury 
and  improve  outcomes.1  '7  l40  Unless  respiratory  frequency 
is  substantially  increased,  a  reduction  in  VT  leads  to  de- 
creased VA  and  consequent  hypercapnia.  which  mav  he- 
severe  (so-called  permissive  hypercapnia).1"  Concerns  about 
severe  elevations  of  PaCO,  have  led  investigators  to  try  alter- 
native methods  of  CO,  elimination,  including  extracorporeal 
techniques  and  tracheal  gas  insufflation. 14:  l44  Reports  in- 
dicate that  the  manifestations  of  acute  severe  respiratory 
acidosis  are  generally  well  tolerated  and  reverse  rapidly  on 
reestablishment  of  adequate  ventilation.14"  ir  It  also  ap- 
pears that  hypercapnia  is  well  tolerated  when  it  develops 
as  a  result  of  a  lung-protective  ventilatory  strategy.141-148 
Importantly,  these  studies  have  generally  excluded  patients 
with  elevated  intracranial  pressure  and  those  with  severe 
concomitant  metabolic  acidosis.  A  strategy  of  "controlled 
hypoventilation"  has  been  successfully  applied  to  prevent 
barotrauma  and  cardiovascular  collapse  in  patients  with  sta- 
tus asthmaticus.14"  IM  Although  in  general  this  strategy  ap- 
pears to  be  safe,  there  are  case  reports  of  hypercapnia-asso- 
ciatedCNS  injury. 1S2  l54 

Recently,  investigators  have  suggested  that  hypercapnia 
may  have  an  independent  protective  or  therapeutic  bene- 
fit.155 In  an  animal  model  of  acute  lung  injury,  hypercap- 
nic acidosis  exerted  a  protective  effect  by  inhibition  of 
endogenous  xanthine  oxidase.1""  This  protective  effect  ap- 
pears to  be  related  to  extracellular  acidosis  rather  than  the 
elevation  of  CO,.157  In  contrast,  hypercapnic  acidosis,  but 
not  metabolic  acidosis,  was  highly  protective  in  an  isch- 
emia-reperfusion  myocardial  injury  model. 15S  Similarly,  in 
a  swine  model  of  coronary  artery  occlusion,  acute  hyper- 
capnia led  to  an  increase  in  global  coronary  blood  flow.1* 
It  has  also  been  recently  found  that  a  brief  period  of  mod- 
erate hypercapnia  was  neuroprotective  in  an  animal  model 
of  brain  ischemia.160 

Approach  to  the  Patient  with  Respiratory  Acidosis 

Assessment  always  begins  with  a  thorough  history  and 
physical  examination  aimed  at  identifying  the  elements 
seen  with  the  disorders  listed  in  Tables  1  and  2.  Specifi- 
cally, the  clinician  should  seek  evidence  of  dyspnea  (at 
rest  or  with  exertion  I.  wheezing,  cough,  sputum  produc- 
tion, and  evidence  of  exercise  limitation.  Symptoms  sug- 
gestive of  respiratory  muscle  weakness  (difficulty  rising 
from  chair,  difficulty  combing  hair,  orthopnea)  and  of  sleep 
disordered  breathing  (snoring,  morning  headaches,  day- 
time hypersomnolence)  should  be  sought.  Because  of  a 
sedentary  lifestyle,  patients  with  neuromuscular  disease 
may  have  minimal  or  no  respirator)  symptoms.  On  phys- 
ical examination,  the  clinician  should  focus  on  the  respi- 
ratory rate,  the  use  of  accessor)  respiratory  muscles,  the 
presence  oi  Hoover's  sign  and  thoracoabdominal  paradox. 
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the  quality  ol  breath  sounds,  the  degree  ol  tidal  excursion, 
the  presence  oi  adventitious  sounds,  and  clubbing    [he 
rinding  of  inspirator)  stridoi  is  importanl  because  il  indi 
cates  thai  uppei   airwa)   obstruction  is  present. l61-'62 
Evidence  oi  righl  sided  heart  failure  should  be  sought, 
including  jugular  venous  distention,  a  right  sided  S  ,  hep 
atomegaly,  and  lowei  extremity  edema,  A  chest  radio 
graph  is  .1  crucial  component  ol  the  e>  aluation,  because  the 
presence  ol  clear  lung  fields  narrows  the  diagnostic  con 
siderations  to  neuromuscular  disease,  airways  01  pulmo- 
m.ii  )  \  asculai  disease,  or  decreased  central  respirator) «.!  ri  \  e. 
[he  presence  of  hyperbicarbonatemia  and  erythrocytosis 
suggest  thai  hypercapnia  ma)  be  chronic  rather  than  acute. 
Unfortunately,  the  clinical  examination  is  insufficiently 
sensitive  to  reliably  estimate  cither  the  total  V,  or  the  \  N 
Therefore,  the  clinical  examination  must  always  be  sup 
plemented  bj  direct  measurement  of  the  pll  and  Pa( ,,  via 
AJBG  analysis.  It  must  be  emphasized  that  although  pulse 
oximetry  gives  insight  into  the  adequacy  ol  oxygenation,  it 
provides  no  information  on  the  adequacy  ol  ventilation  or 
the  acid-base  status.1"' 

The  coexistence  of  acidemia  (reduced  pH)  and  hyper- 
capnia is  diagnostic  of  respirator)  acidosis,  [f  alkalemia  is 
present,  the  clinician  should  consider  metabolic  alkalosis 
as  the  cause  of  hypercapnia  (eg,  secondary  hypercapnia). 
One  of  the  initial  steps  in  assessing  the  hypercapnic  patient 
is  determining  it'  the  process  is  acute  or  chronic  (Table  5). 
With  acute  hypercapnia.  one  should  expect  a  1  mEq/L 
increase  in  HCO;  and  O.OS  unit  decrease  from  a  normal 
pH  of  7.40  for  every  10  mm  Hg  increase  in  PaCO  With 
chronic  hypercapnia  one  should  expect  a  3.5  mEq/L  in- 
crease in  HCO,  and  0.03  unit  decrease  from  a  normal  pH 
of  7.40  for  ever)  10  mm  Hg  increase  in  P ,,  , , .  Changes 
that  fall  between  these  two  extremes  suggest  the  presence 
of  both  acute  and  chronic  respirator)  acidosis.  When  a 
metabolic  acidosis  is  superimposed,  both  the  pH  and  the 
plasma  bicarbonate  will  be  lower  than  expected.  Con- 
versely, when  metabolic  alkalosis  is  present,  both  pH  and 
plasma  bicarbonate  will  be  higher  than  expected.  Analy- 
sis of  Pa0,  and  calculation  of  the  IY\  ,n().  is  also  ol 
diagnostic  importance.  The  combination  of  hypoxemia, 


Table  5       Equations  for  Determining  Whether  Respirator)    Acidosis 
I-  \cute  or  Chronic 

Acute  respirator)  acidosis   Apll,      At',, ,,    •  nuns 

For  example      III' ses  from  tO  nun  II-  (normal)  to  60  nun  Hg 

Apll       (60-40)  X  0.008      0.16,  pH,  will  decrease  from  7.40  to       • 
Chronic  respirator)  acidosis:  Apll        AT  ,  ,      •  0.003 
I  oi  example      II  P,co  rises  from  40  mm  He  in  W)  mm  ll;j 

Apll,      (60  10)      0~003      0.06  pH„  will  decrea  ■  from     10  to  '.34 


1 1  i 

Aril       change  in  arterial  pll 


hypercapnia,  and  a  normal  Pi  \  a)0  is  diagnostic  ol 
hypoventilation  (eg,  respirator)  muscle  weakness,  cen- 
tral respirator)  depn  sion)  Conversely,  the  presence  ol 
a  widened  Pi  \  a)02  indicates  the  presence  ol  \  '.<  mis 
matching,  as  would  be  seen  with  airwa)  oi  parenchymal 
disordei  s 

Medical  Therap) 

lic.ilinenl  lor  respirator)  acidosis  depends  in  pari  on 
whether  the  process  is  acule  or  chronic  and  can  he  divided 
into  therapies  directed  at  the  specific  disease  process  and 
therapies  directed  at  abnormalities  in  gas  exchange.  Dis- 
ease-specific interventions  include  treating  drug  overdose 
causing  respirator)  depression  and  hypoventilation  with 
specific  antidotes  such  as  fluma/enil  foi  benzodiazepines 
and  naloxone  for  narcotics  Inhaled  bronchodilators,  ste- 
roids, theophylline,  and  antibiotics  are  used  to  treat  exac 
erbations  of  COI'I).  Medications  that  ma)  depress  respi- 
rator) drive  (sedatives)  must  be  avoided.  Similarly,  it  is 
crucial  to  avoid  electrolyte  abnormal i ties  that  can  adverser) 
affect  respirator)  muscle  function,  such  as  hypophos 
phaienua.  hypokalemia.  Hypomagnesemia,  and  hypocalce- 
mia. Patients  with  hypercapnic  COPD  often  have  concom- 
itant heart  failure  as  a  precipitating  cause  of  ARF.  When 
diuretics  are  used,  adequate  chloride  must  be  supplied  to 
avoid  the  development  of  a  metabolic  alkalosis  that  could 
blunt  respirators  drive.164  Nutritional  therap)  must  be  care- 
fully assessed  to  avoid  overfeeding,  as  this  ma)  contribute 
to  increase  of  V,  , , 

Hypoxemia  me\  itabl)  accompanies  acute  respiratory  ac- 
idosis, so  supplemental  oxygen  is  applied  to  achieve  an 
oxygen  saturation  of  909!  or  a  Pa0  of  60  mm  Hg.  Avoid- 
ing excess  oxygen  administration  can  be  achieved  by  us- 
ing ver)  low  flow  settings  (<  2  L/mini  with  a  nasal  can- 
nula or  by  employing  an  air-entrainmenl  mask.163  If  severe 
hypercapnia  develops,  abrupt  withdrawal  of  oxygen  ther- 
apy should  he  avoided  because  of  the  risk  of  profound 
hypoxemia.  If  higher  How  oxygen  is  needed,  combination 
with  noninvasive  mechanical  ventilation  ma)  be  effective. 

Alkali  Therapy 

Alkali  therap)  (eg,  sodium  bicarbonate)  should  not  be 
used  to  treat  the  acidosis  that  results  from  primar)  hypei 
capnia.  Such  therap)  has  considerable  risks,  including  an 
immediate  increase  in  CO,  production,  worsening  cellular 
acidosis,  and  apll  mediated  depression  ol  respirator)  drive 
When  metabolic  acidosis  complicates  respirator)  acidosis, 
alkali  therap)  ma)  be  cautiousl)  considered.'  This  might 
be  particularly  the  case  where  the  metabolic  acidosis  is 
causing  extreme  tachypnea.  On  theoretical  grounds,  alkali 
therap)   mighl  improve  the  responsiveness  o\  bronchial 
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smooth  muscle  to  beta  adrenergic  agents  when  broncho- 
spasm  coexists  with  acidemia.1" 

Some  investigators  have  advocated  the  use  of  the  strong 
organic  base  tris(hydroxymethyl)aminomethane  (THAM) 
based  on  its  capacity  to  promote  CO,  removal  as  HC( ) ,  is 
generated  (Equation  7). 


THAM  +  CO,  +  H,0  <->  THAM  +  +  HCO," 


(7) 


In  reality,  the  amount  of  CO:  removed  is  trivial,  and  there- 
fore this  agent  appears  to  be  of  marginal  clinical  benefit. 

Ventilatory  Support 

When  respiratory  acidosis  incompletely  responds  to  med- 
ical interventions  or  is  severe,  mechanical  ventilatory  sup- 
port is  indicated.  Effective  ventilatory  support  can  reduce 
Pa(  , ,  and  reverse  respiratory  acidosis  by  decreasing  WOB 
(decreased  VcoJ.  increasing  total  VE.  and  reducing  dead 
space  ventilation  by  improving  the  breathing  pattern."* 
There  is  now  strong  evidence  that  noninvasive  ventilation 
delivered  through  a  nasal  or  full  face  mask  improves  the 
outcome  of  ARF,  especially  in  COPD.l(,71w<  Although  ran- 
domized controlled  trials  are  not  yet  available,  observa- 
tional studies  suggest  that  noninvasive  ventilation  is  also 
effective  for  acute  asthma  and  ARF  related  to  obesity  hy- 
poventilation syndrome. I<,q  In  the  presence  of  apnea,  im- 
mediate tracheal  intubation  and  mechanical  ventilation  are 
indicated.  In  the  setting  of  an  unstable  patient  or  when 
noninvasive  ventilation  fails,  intubation  should  be  carried 
out  to  allow  for  invasive  ventilatory  support.  There  are  no 
absolute  ABG  analysis  criteria  to  determine  when  intuba- 
tion is  required.  In  general,  it  should  be  considered  when  pH 
is  less  than  7. 10-7.25  or  PaCOj  is  greater  than  80-90  mm  Hg. 
For  patients  with  hypovolemic  or  septic  shock,  volume  re- 
suscitation is  crucial  because  adequate  pulmonary  perfusion 
is  necessary  to  effectively  eliminate  C02. 

Though  invasive  mechanical  ventilation  is  often  neces- 
sary in  patients  with  hypercapnic  COPD  and  ARF.  clini- 
cians may  become  concerned  about  the  chances  for  suc- 
cessful extubation.  Recent  data  indicate  that  these  patients 
have  a  high  likelihood  of  being  successfully  liberated  from 
mechanical  ventilation.17"  Nevertheless,  there  are  impor- 
tant risks  to  invasive  mechanical  ventilation  in  patients 
with  chronic  hypercapnia.  First,  a  high  V,.  will  predispose 
to  dynamic  hyperinflation  and  intrinsic  positive  end-expi- 
ratory pressure,  with  the  risk  of  cardiovascular  compro- 
mise, barotrauma,  and  worsening  gas  exchange.  Excessive 
VE  may  too  rapidly  lower  Puro,,  resulting  in  clinically 
important  alkalemia  before  the  kidney  has  the  opportunity 
to  excrete  excess  bicarbonate.  For  example,  abruptly  nor- 
malizing P,,  ,,  from  SO  mm  Hg  to  40  mm  Hg  in  a  patient 
with  chronic  hypercapnia  would  immediately  increase  the 


pi  I  from  7.2X  to  7.54.  This  rapid  lowering  of  PaCO  and 
increased  pH  has  the  potential  to  decrease  cerebral  blood 
flow,  decrease  cardiac  output,  or  precipitate  seizures  or 
cardiac  arrhythmias.'71  In  fact,  the  best  approach  in  a  pa- 
tient with  chronic  hypercapnia  is  to  apply  a  V,  that  targets 
the  patienfs  long-term  baseline  PaCO .  Maintaining  Pa(  ,, 
well  below  the  long-term  baseline  for  several  days  will 
result  in  renal  bicarbonate  excretion  and  this  may  interfere 
with  weaning  from  mechanical  ventilation.  As  the  patient's 
respiratory  system  tries  to  return  to  baseline  Pa(  , ,  during 
spontaneous  breathing  trials,  a  precipitous  decrease  in  pH 
may  occur  as  bicarbonate  buffering  is  diminished.  This 
acidemia  increases  respiratory  drive  and  may  force  the 
patient  with  limited  respiratory  reserve  to  increase  V, .  at 
the  risk  of  respiratory  muscle  fatigue.  When  post-hyper- 
capnic  metabolic  alkalosis  is  present,  adequate  chloride 
must  be  provided  to  allow  for  excess  bicarbonate  to  be 
excreted  by  the  kidney.  If  post-hypercapnic  metabolic  alka- 
losis is  slow  to  resolve,  acetazolamide  may  be  used. 

Outpatient  Evaluation 

For  patients  with  chronic  respiratory  acidosis,  pulmo- 
nary function  testing  should  be  carried  out.  including  spi- 
rometry, flow-volume  loop,  lung  volumes,  and  diffusion 
capacity,  looking  for  either  obstructive  or  restrictive  lung 
disease.  A  reduced  maximum  voluntary  ventilation  sug- 
gests either  upper  airway  obstruction  or  neuromuscular 
weakness.  Reduced  maximum  inspiratory  and  expiratory 
pressures  can  help  confirm  a  diagnosis  of  respiratory  mus- 
cle weakness. '"  A  reduction  in  vital  capacity  by  30-40% 
in  the  supine  position  (compared  to  upright)  suggests  di- 
aphragmatic dysfunction.172  When  sleep-disordered  breath- 
ing is  suspected,  a  polysomnogram  should  be  performed. 
Although  assessing  ventilatory  control  with  a  CO,  rebreath- 
ing  test  has  been  advocated,  abnormal  responses  can  be 
seen  with  depressed  respiratory  drive,  neuromuscular  dis- 
ease, or  severe  air  flow  obstruction.  In  each  instance  the 
patient  may  be  unable  to  augment  ventilation  by  the  ex- 
pected 1-7  L/min  for  each  1  mm  Hg  increase  in  PaCO   ' 

For  chronic,  stable  patients,  long-term  nocturnal  nonin- 
vasive  ventilation  appears  to  be  beneficial  for  inpatients 
with  obesity  hypoventilation  syndrome  or  neuromuscular 
or  chest  wall  diseases,  but  efficacy  in  COPD  patients  re- 
mains controversial.174175  Respiratory  stimulants  such  as 
progesterone  have  been  effective  in  patients  with  obesity 
hypoventilation  sj  ndrome. ' '" 
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Respiratory  alkalosis  is  an  extremely  common  and  complicated  problem  affecting  virtually  every  organ 
system  in  the  body.  This  article  reviews  the  various  facets  of  this  interesting  problem.  Respiratory 
alkalosis  produces  multiple  metabolic  abnormalities,  from  changes  in  potassium,  phosphate,  and  cal- 
cium, to  the  development  of  a  mild  lactic  acidosis.  Renal  handling  of  the  above  ions  is  also  affected.  The 
etiologies  may  be  related  to  pulmonary  or  extrapulmonary  disorders.  Hyperventilation  syndrome  is  a 
common  etiology  of  respiratory  alkalosis  in  the  emergency  department  setting  and  is  a  diagnosis  by 
exclusion.  There  are  many  cardiac  effects  of  respiratory  alkalosis,  such  as  tachycardia,  ventricular  and 
atrial  arrhythmias,  and  ischemic  and  nonischemic  chest  pain.  In  the  lungs,  vasodilation  occurs,  and  in 
the  gastrointestinal  system  there  are  changes  in  perfusion,  motility,  and  electrolyte  handling.  Thera- 
peutically, respiratory  alkalosis  is  used  for  treatment  of  elevated  intracranial  pressure.  Correction  of  a 
respiratory  alkalosis  is  best  performed  by  correcting  the  underlying  etiology.  Key  words:  respiratory 
alkalosis,  acid-base,  lactic  acidosis,  bicarbonate,  hypocapnia,  hyperventilation.  [Respir  Care  2001:46(41: 
384-391] 


Introduction  ide  tension  or  may  reflect  a  mixture  of  respirator)  and 

superimposed  metabolic  components.  Regardless  o(  the 
Respirator)  alkalosis  is  a  common  and  Lmportanl  man-  type  of  disturbance,  respiratory  alkalosis  affects  every  or- 

ifestation  of  acid-base  disorder.1  This  respiratory  acid-base  gan  system  in  the  body.  This  article  reviews  the  definition, 

disturbance  ma)  result  from  an  alteration  in  carbon  diox- 
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classification,  and  ph)  siologic  consequences  of  respirator) 
alkalosis.  We  will  also  discuss  its  symptoms,  common 
causes,  therapeutic  uses,  and  treatment. 


Definition 

Respirators  alkalosis  is  a  systemic  acid-base  disordei 
characterized  bj  a  primarj  reduction  ol  arterial  partial 
pressure  of  carbon  dioxide  <!',,,,  I,  which  produces  an 
elevation  in  pH  and  a  consequent  decrease  in  bicarbonate 
illC'O  i  concentration  In  simple  primary  respirator)  al- 
kalosis, the  respirator)  disordei  is  the  sole  abnormality,  in 
which  the  decrease  in  PaCO  results  from  an  excess  of 
alveolar  C02  excretion  over  production.  The  respirator) 
system  is  normall)  kept  in  check  h>  a  negative  feedback 
loop  in  which  excess  CO,  excretion  i alveolar  hyperventi- 
lation) is  limited  by  the  inhibitor)  action  of  the  resulting 
hypocapnia  on  the  respirator)  center.  Respirator)  alkalo- 
sis, however,  can  also  occur  as  compensation  for  another 
underlying  process  such  as  metabolic  acidosis  or  as  a  sep- 
arate component  of  mixed  acid-base  disorders,  in  which 


Henderson  Hasselbalch  equation  which  relates  hydn 
ion  concentration  to  r  ,  ,,  and  HCO    .  is  shewn  below: 


24  ■ 


1 
IK  0 


Hi 


This  equation  shows  how  a  reduction  in  I',,  ,,  leads  to 
a  decrease  in  the  PaCO/HCO     ratio  and  a  decrease  in  ll 

concentration,  which  then  results  in  an  increase  in  pi  I  01 
alkalemia  The  alkalemia  in  turn  triggers  the  release  ol  II 
from  intracellular  and  extracellular  buffers,  titrating  IK  1 1 
and  therein  lessening  the  increase  in  pi  I  However,  the 
magnitude  of  this  immediate  response  to  acute  respirator) 
alkalosis  is  quite  small  and  is  insufficient  for  substantially 
pie  venting  i  he  decrease  ol  Pa(  o/HC0  ratio  and  the  con- 
comitant increase  ol  pH.  Consequently,  in  acute  respira- 
tor) alkalosis.  II  concentration  decreases  b)  about  0.8 
nmol/L  from  40  nmol/L  for  ever)  I  mm  llg  decrease  in 
PaCO  from  40  mm  Hg.;  In  this  instance,  the  relationship 
between  changes  of  serum  HC03  and  the  decrease  ol 
PaCO    in  liquation  I  can  be  written  as  follows: 


case  the  levels  ol  P  ,  , ,  .  HCO,  .  and  pH  are  determined  AHCO,    (nmol/L)  =  0.1  X  AP.,(()  (mm  Hgi 


(2) 


b>  the  combined  effects  of  the  underlying  acid-base  dis 
orders. 


Classification 

Respiratory  alkalosis  can  be  classified  as  acute  or  chronic. 
In  acute  respiratory  alkalosis  the  decrease  in  PaCO  is  ac- 
companied b)  a  mild  but  rapid  decrease  in  serum  HCOs 
concentration,  which  occurs  within  minutes  of  the  onset  of 
hypocapnia.  reaches  a  steady  state  level  within  10  minutes. 
and  remains  so  for  up  to  6  hours. :  In  chronic  respirator) 
alkalosis,  persistent  hypocapnia  triggers  renal  compensa- 
tor) mechanisms,  leading  to  a  further  decrease  in  serum 
HCO;  concentration  and  an  increase  of  pH  toward  normal 
values.  These  adjustments  begin  about  6  hours  after  the 
onset  of  hypocapnia  and  become  complete  within  2-4 
days.  Except  with  patients  on  mechanical  ventilation,  in 
the  clinical  setting  it  is  often  difficult  to  discern  the  precise 
duration  and  stage  o\~  progression  of  respirator)  alkalosis 
from  acute  to  chronic. 


Physiologic  Response  to  Respiratory  Alkalosis 
Acute  and  Chronic  Compensatory  Mechanisms 

To  facilitate  the  discussion  and  understanding  of  the 
systemic  response  to  this  acid-base  disorder,  the  modified 


Thus,  an  acute  PaCO  decrease  from  40  to  20  mm  Hg 
should  lead  to  a  rapid  decline  in  serum  HCO,  .  ol  approx- 
imatel)  2  nmol/L  (0.1  -  20),  from  the  normal  value  ol  24 
nmol/L  down  to  22  nmol/L.  Consequently,  notable  devi- 
ations of  HCO;  concentration  from  the  predicted  value 
derived  from  Equation  2  indicate  something  other  than 
isolated  acute  respirator)  alkalosis. 

In  chronic  respirator)  alkalosis,  renal  compensator) 
mechanisms  help  to  further  reduce  plasma  HC03  concen- 
tration via  suppression  of  tubular  H  '  secretion  and  HC03 
reabsorption.  Consequently,  the  magnitude  ol  the  decrease 
in  H  concentration  in  chronic  respirator)  alkalosis  is 
greatly  mitigated.  In  dogs  in  which  hypocapnia  was  in- 
duced b)  exposure  to  991  02,  PaCo  decreased  from  3b  to 
21  mm  Hg  while  11'  concentration  decreased  from  42  to 
39.5  nmol/L.1  Hence,  there  was  a  0  2  nmol/L  decrease  in 
H  from  40  nmol/L  for  each  1  mm  Hg  decrease  in  PaCO 
from  40  mm  Hg.  In  a  more  recent  study,  induced  chronic 
respirator)  alkalosis  in  health)  humans  exposed  to  high- 
altitude  hypoxia  for  several  days  led  to  a  decrease  in  H 
concentration  by  0.4  nmol/L  from  40  nmol/L  for  each  mm 
Hg  decrease  in  Pa< ,,  from  40  mm  tig."  Thus,  the  relation- 
ship betw  ecu  changes  in  serum  HCO  ,  and  Pa(  , ,  in  chronic 
respiratory  alkalosis  can  be  written  as  follows 


AHCO     (nmol/L)  -  0.4  •  Al'„  ,,  (mm  Hg) 


(3) 


From    Equation   3   one   can   calculate   that   a   persistent 
decrease  in  I',,  ,,    by  20  mm  Hg  will  cause  serum  IK  I  I 
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to  decrease  from  24  to  16  (24  -  (0.4  X  20))  nmol/L.  1( 
should  be  uoied  ilun  serum  HCO,  rarely  decreases  below 
12-14  nmol/L  in  patients  with  isolated  chronic  respiratory 
alkalosis,  and  lis  occurrence  strongly  indicates  an  inde- 
pendent component  of  metabolic  acidosis.1  Occasionally, 
however,  scrum  HCO,  concentrations  as  low  as  10  nmol/L 
have  been  observed. 

Altered  Electrolytes  Homeostasis 

In  addition  to  triggering  renal  compensatory  mecha- 
nisms, respiratory  alkalosis  leads  to  alterations  in  electro- 
lyte homeostasis"  "  and  a  modest  increase  in  lactic  acid 
production."111  Hypokalemia  or  hyperkalemia,6  hypophos- 
phatemia7 s  or  hyperphosphatemia,''  and  decreased  ionized 
calcium"  have  been  shown  to  accompany  respiratory  al- 
kalosis. 

Acute  respiratory  alkalosis  induced  by  hyperventilation 
results  in  initial  hyperkalemia,  followed  by  a  rapid  de- 
crease in  plasma  potassium.12  The  hyperkalemia  is  due  to 
hyperventilation-induced  enhancement  of  alpha  adrener- 
gic activity.  The  hypokalemia  is  due  to  both  transcellular 
shift  and  bicarbonaturia.  which  produce  a  direct  increase 
in  potassium  excretion,  providing  cations  to  the  bicarbon- 
ate anions.  At  the  same  time,  potassium  reabsorption  by 
the  collecting  duct  decreases  so  that  potassium  ions  move 
into  the  cells  in  exchange  for  H+  moving  out  of  the  cells. 
There  is  a  linear  relationship  between  the  decrease  in  se- 
rum potassium  and  the  increase  in  pH.h  Serum  potassium 
decreases  0.3  nmol/L  for  each  0.1  unit  increase  in  pH.6 

Serum  and  urine  phosphate  levels  are  also  affected  in 
respiratory  alkalosis.  Acutely,  hypophosphatemia  occurs 
as  a  result  of  increased  intracellular  uptake.7  Conversely, 
chronic  respiratory  alkalosis  causes  hyperphosphatemia. 
The  increase  in  serum  phosphate  is  related  to  decreased 
urinary  excretion  of  phosphate  secondary  to  parathyroid 
hormone  resistance.8-9  The  hyperphosphatemia  can  occur 
in  conjunction  with  hypocalcemia/'  This  interesting  effect 
of  hyperphosphatemia  appears  to  be  secondary  to  the  hy- 
pocapnia  rather  than  the  elevated  pH  or  alkalosis/  and  is 
modulated  by  beta  receptors.13-15  Dopamine  enhances" 
whereas  propranolol13  blocks  the  phosphaturic  effect  of 
parathyroid  hormone  during  acute  respiratory  alkalosis. 

Lactic  Acidosis 

Another  notable  effect  of  respiratory  alkalosis  is  the 
generation  of  lactic  acidosis.  As  shown  below,  lactate  is  in 
equilibrium  with  pyruvate  secondary  to  a  reaction  cata- 
lyzed by  lactic  dehydrogenase  d.DH). 


Pyruvate  +  NADH  +  H~  =  lactate   •   \  \l> 


(4) 


Although  lactate  production  is  influenced  by  the  relative 
levels  of  NADH  (reduced  nicotinamide  adenine  dinucle- 
otide)  versus  NAD  '  (oxidized  nicotinamide  adenine  dinu- 
cleotide).  it  also  depends  on  the  relative  concentration  of 
pyruvate.  An  increase  in  pyruvate  can  occur  from  a  pH- 
induced  increase  in  phospholructokinase  activity,  produc- 
ing rapid  glycolysis."1  In  humans,  acute  hyperventilation 
with  a  decrease  of  PaCO  to  20  mm  Hg  and  a  corresponding 
pH  of  7.61  results  in  a  small  increase  in  lactate,  of  less 
than  I  nmol/L."'  Respiratory  alkalosis  not  only  increases 
the  concentration,  but  also  decreases  the  clearance  of  lac- 
tate, thereby  increasing  lactate  levels  even  more." 

Etiology 

The  etiologies  of  respiratory  alkalosis  are  multiple  (Table 
1 )  and  include: 

1 .  Hypoxia 

2.  Parenchymal  lung  disease 

3.  Bronchial  asthma 

4.  Drugs  and  mechanical  ventilation 

5.  Central  nervous  system  disorders 

6.  Metabolic  causes 

7.  Hyperventilation  syndrome 

Hypoxia 

Hypoxemia  and  tissue  hypoxia  stimulate  the  chemore- 
ceptors  of  the  carotid  bodies  directly  and  indirectly,  re- 
spectively, causing  hyperventilation.  The  carotid  bodies 
are  comprised  of  glomus  cells  and  sheath  cells.  The  glo- 
mus cells  release  catecholamines  when  exposed  to  hypox- 
emia, stimulating  the  endings  of  the  carotid  sinus  nerve 
fibers  in  the  glossopharyngeal  nerve.  Interestingly,  the  glo- 
mus cells  respond  virtually  solely  to  changes  in  arterial 
partial  pressure  of  oxygen  and  not  to  changes  in  overall 
oxygen  content,  which  explains  why  anemia  and  carbon 
monoxide  poisoning  do  not  cause  considerable  dyspnea  or 
tachypnea.17  Hypoxemia  commonly  occurs  with  a  wide 
variety  of  pulmonary  disorders,  cyanotic  heart  disease,  or 
exposure  to  high  altitude. 

The  carotid  bodies  also  respond  to  increasing  H'  con- 
centration and  thus  respond  indirectly  to  tissue  hypoxia. 
Tissue  hypoxia  occurs  with  severe  hypoxemia:  cardiogenic. 
hypovolemic  or  septic  shock:  severe  anemia;  and  hemo- 
globinopathies with  high  hemoglobin-oxygen  affinity.  Ir- 
respective of  the  cause,  tissue  hypoxia  increases  produc- 
tion of  lactic  acid,  which  stimulates  carotid  body  receptors, 
causing  hyperventilation. 

Parenchymal  Lung  Disease 

Although  parenchymal  lung  disease  produces  tachypnea 
via  hypoxia,  correction  o\  hypoxemia  does  not  always 
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Hypoxia 

ni  in  mal  lung  disease 

•  Pneumonia 

•  Hi.mchi.il  asthma 

•  Diffuse  interstitial  fibrosis 

•  Pulmonar)  embolism 

•  Pulmonar)  edema 
Medications  and  mechanical  ventilation 

•  Medications 

•  Salicylate 

•  Nicotine 

•  Xanthine 

•  Catecholamines 

•  Analeptics 

•  \U\  hanical  ventilation 
Central  nervous  system  disorders 

•  Meningitis,  encephalitis 

•  Cerebrovasculai  disease 

•  Head  trauma 

•  Space-occupying  lesion 

•  \n\ict\ 
Metabolic 

•  Sepsis 

•  Hormonal 

•  Pyrexia 

•  Hepatic  disease 
Hyperventilation  syndrome 


alleviate  the  dyspnea,  which  suggests  that  other  mecha- 
nisms are  at  work.  In  rats,  both  inhibitory  and  excitatorj 
vagal  afferents  in  the  lungs  have  been  activated  in  various 
proportions  in  response  to  noxious  stimuli  such  as  ac- 
rolein18 and  wood  smoke.1"  Histamine  has  similarly  been 
shown  to  produce  tachypnea  and  rapid  shallow  breath- 
ing in  dogs.20  In  all  of  these  trials,  vagal  blockade  by 
cooling  of  the  cervical  vagus  nerves  abolished  the  re- 
sponses. 

Activation  of  vagal  afferents  most  likely  occurs  also  in 
asthma  and  pneumonitis.  A  recent  trial  in  humans  suggests 
that  irritant  receptors  cause  tachypnea  in  asthma.-1  The 
study  measured  respiratory  frequency,  tidal  volume,  and 
mean  inspirator}  How  in  asthmatics  and  normals  given 
inhaled  methacholine.  Asthmatics  had  a  greater  and  more 
rapid  respiratory  frequency  response  at  every  degree  of 
bronchoconstriction.  ll  has  also  been  shown  that  hydrogen 
peroxide  stimulates  pulmonar}  vagal  afferents,  which  sug- 
gests that  oxidative  damage  incites  tachypnea  in  diseases 
such  as  acute  respiratory  distress  syndrome  and  pneumo- 
nia.22 In  interstitial  lung  diseases  such  as  idiopathic  pulmo- 
nar} fibrosis,  tachypnea  is  thought  to  result  from  increased 
elastic  load  and  stimulation  of  both  mechanoreceptors  oi  the 
chest  wall  and  intrapulmonarv  receptors 


Drugs  and  Mechanical  Ventilation 

Medications  and  iuccIi.iuk.iI  ventilation  are  two  com- 
mon!} encountered  reasons  foi  respirator}  alkalosis  Hy- 
perventilation is  a  well-known  clue  to  salic} late  overdose, 
winch  produces  hyperventilation  b}  direct  stimulation  "i 
central  respirator)  centers  and  b)  production  ol  metabolic 
u  idosis  Nicotine,  xanthine  derivatives  (eg,  theophylline), 
catecholamines,  analeptics  (eg,  doxapram,  nikethamide), 
and  progestational  hormones  all  increase  minute  ventila- 
tion Medroxyprogesterone  is  used  in  patients  with  central 
hypoventilation.  Doxapram  is  used  111  the  intensive  care 
unii  setting  to  avoid  intubation.'1  but  is  limited  bv  its 
propensity  to  induce  arrhythmia.  In  experimental  animals. 
norepinephrine  has  been  shown  to  stimulate  the  carotid 
peripheral  chemoreceptors  in  a  dose-dependent  fashion, 
causing  hyperventilation,  lis  effect  is  accentuated  bv  the 
presence  ol  hypoxemia.25 

Hyperventilation  is  encountered  in  patients  receiving 
mechanical  ventilation.26  The  tendenc)  for  hyperventila- 
tion wiih  assist-control  modes  of  ventilation  leads  to  the 
development  of  synchronized  intermittent  mandator}  ven- 
tilation. However,  changing  to  synchronized  intermittent 
mandator}  ventilation  does  nol  reliabl)  remed)  this  prob- 
lem- "~  Hence,  use  of  sedatives  with  respiratory  depres- 
sant effects  or  paralysis  may  be  required.  On  the  other 
hand,  the  current  recommended  protective  ventilator}  strat- 
egy in  patients  with  acute  respirator}  distress  syndrome 
(using  small  tidal  volume)29  may  in  tact  cause  hypercapnia. 

Central  Nervous  System  Disorders 

Diffuse  or  focal  involvement  of  the  central  nervous  sys- 
tem can  produce  tachypnea.  Diffuse  processes  such  as 
meningitis  or  encephalitis  can  induce  hyperventilation  and 
respiratory  alkalosis.  In  a  stud)  ol  patients  w  ith  acute  brain- 
stem infarction.  Lee  et  al30  found  that  abnormalities  in 
breathing  pattern  in  the  form  of  Cheyne-Stokes  respiration 
or  tachypnea  were  present  with  various  degrees  ol  respi- 
ratory alkalosis.  Similarly,  hyperventilation  induced  bv  a 
mass  process  such  as  brainstem  astrocytoma  has  been  de- 
scribed. " 

Metabolic  Disturbances 

A  variety  of  systemic  disorders  can  produce  respiratory 
alkalosis.  Perhaps  the  most  ominous  is  sepsis  Hyperven- 
tilation in  sepsis  is  produced  bv  both  metabolic  acidosis 
and  direct  lung  injury,  the  latter  mediated  bv  vagal  ('-fiber 
afferents.32  Interestingly,  this  same  smdv  suggested  that 
there  inav  he  inhibitor)  responses  mediated  bv  the  periph- 
eral chemoreceptors  attenuating  the  tachypnea 

Progestins  stimulate  the  respirator)  center  directly,  in- 
crease central  chemoreceptor  sensitivit)   to  carbon  diox- 
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ide."  and  increase  carotid  bodv  sensitivity  to  hypoxia,33 
thereby  causing  respirator)  alkalosis.  In  the  first  two  tri- 
mesters  of  pregnancy,  60-70%  of  women  experience  dys- 
pnea, which  is  al  least  partially  mediated  by  progestins.15 
A  relative  decrease  in  PaCO  in  the  latter  part  of  the  men- 
strual cycle  has  also  been  described."'  Likewise,  women 
on  hormone  replacement  therapy  develop  respiratory  al- 
kalosis when  placed  on  progestins." 

Pyrexia  can  also  cause  respiratory  alkalosis.  In  a  study 
by  Fadic  et  al,38  anesthetized  cats  warmed  from  a  temper- 
ature of  37-40°  C  developed  an  increase  in  respiratory 
rate,  tidal  volume,  and  inspiratory  flow.  This  effect  was 
ablated  with  bilateral  carotid  neurotomy,  suggesting  that 
carotid  body  afferents  contribute  to  the  hyperventilation 
evoked  by  hyperthermia. 

A  well  known  cause  of  tachypnea  is  hepatic  disease  such 
as  liver  cirrhosis  with  portal-pulmonary  hypertension, w  hepa- 
topulmonary  syndrome.40  and  fulminant  hepatic  failure.41 
Although  these  situations  are  known  to  produce  hypox- 
emia, tachypnea  persists  when  the  hypoxemia  is  corrected. 
The  exact  cause  of  the  tachypnea  remains  unclear,  but  it  is 
thought  to  be  due  to  increased  levels  of  progesterone,  am- 
monia, and  various  amines. 

Hyperventilation  Syndrome 

Hyperventilation  syndrome,  first  described  as  "sighing 
dyspnea"  by  White  and  Hahn  in  1929.4:  remains  both  a 
diagnosis  of  exclusion  and  questionable  as  a  true  clinical 
entity.  The  symptoms  of  this  syndrome,  shown  in  Table  2, 
are  taken  from  a  recent  study  of  23  patients  experiencing 
acute  hyperventilation  in  an  emergency  department.41  and 
another  study  of  78  patients  referred  to  a  neurology  clinic 
for  unexplained  neurological  symptoms.44  Virtually  all  of 
these  symptoms  can  be  explained  by  hyperventilation.  Hy- 
perventilation syndrome  is  reported  to  affect  approximately 
6-1 1%  of  the  patient  population,  predominates  in  females, 
and  seems  to  occur  in  the  third  to  fourth  decade  of  life.4'' 


Table  2.       Presenting  Symptoms  ot  Hyperventilation  Syndrome 


Dyspnea 
Palpitations 

Anxiety  /Panic 

Paresthesia 

Chest  tightness/discomfort 

Faintness/dizziness 

Loss  of  consciousness 
Muscle  spasm 


Saisch  et  al 

(1996)4' 

(%) 

Perkin  and 

Joseph  (1986)- 

(%) 

61 

53 

13 

32 

30 

NR 

35 

36 

30 

8 

13 

59 

NR 

13 

9 

NR 

NR  =  no!  reported 


The  etiology  of  hyperventilation  syndrome  remains  un- 
known, but  it  is  strongly  associated  with  psychiatric  dis- 
orders, especially  anxiety  and  panic.  Currently  the  diag- 
nosis of  hyperventilation  syndrome  relies  on  the 
hyperventilation  provocation  lest,  during  which  the  pa- 
tients are  voluntarily  hyperventilated  for  a  defined  time 
period,  most  commonly  3  minutes  (although  some  research- 
ers continue  for  30  min).46  If  the  patient  experiences  symp- 
toms similar  to  those  during  attacks,  the  test  is  considered 
positive.47  The  test  is  based  on  the  assumption  that  hypo- 
capnia  is  the  primary  trigger  for  the  symptoms  during  the 
hyperventilation  provocation  test.  Unfortunately,  it  has 
been  found  that  patients  suspected  of  hyperventilation  syn- 
drome, when  challenged  with  isocapnic  hyperventilation, 
experienced  669r  of  the  symptoms  listed  on  the  question- 
naire.47 Hence,  the  relatively  high  false  positive  rate  when 
isocapnic  hyperventilation  is  performed  calls  the  validity 
of  the  test  into  question.47 

Clinical  and  Physiological  Manifestations 

Respiratory  alkalosis  can  affect  virtually  every  organ 
system  in  the  body  and  produce  a  wide  variety  of  clinical 
manifestations.  These  range  from  mild  symptoms  to  fatal 
disease  secondary  to  direct  effects  or  secondary  electrolyte 
abnormalities. 

Central  Nervous  System 

Central  nervous  system  effects  of  hypocapnia  are  both 
central  and  peripheral.  The  threshold  for  these  effects  seems 
to  be  at  PaCO,  of  ^  20  mm  Hg.  irrespective  of  the  rate  of 
PaCO  decrease.48  The  central  symptoms  are  variable  and 
range  from  vertigo,  dizziness,  anxiety,  euphoria,  clumsi- 
ness, and  forgetfulness  to  hallucinations  and  absence  sei- 
zure.44 Unilateral  somatic  symptoms  have  also  been  re- 
ported. These  symptoms  are  secondary  to  cerebral  hypoxia 
arising  from  a  reduction  in  cerebral  blood  flow  brought 
about  by  changes  in  pH.  rather  than  changes  in  Paco.-44'4" 

The  peripheral  effects  are  related  to  increased  neural 
excitability.  Progressive  hyperventilation  has  been  shown 
to  cause  hypocalcemia,  tetany,  and  increased  afferent  nerve 
activity  corresponding  to  the  development  of  paresthe- 
sias.50-51 It  is  also  postulated  that  the  increased  reactivity 
could  be  produced  by  decreases  in  phosphate  lev  els  rather 
than  just  decreases  in  calcium.4" 

Cardiovascular 

Perhaps  the  most  feared  consequences  of  alkalosis  and 
hypocapnia  are  cardiac  disorders.5-  Tachycardia  often  oc- 
curs secondary  to  hypokalemia,  triggered  by  increased  sym- 
pathetic activity.  The  response  of  the  heart  to  sympathetic 
stimulation  itself  also  increases  during  acute  alkalosis.53 
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Both  ventriculai  '  and  atrial33  arrhythmia  may  occur,  which 
can  al  iiiiK-s  he  particular!)  refractor)  to  pharmacologic 
intervention. 

Chesl  pain  secondary  in  cardiac  ami  noncardiac  causes 
is  a  common  manifestation  oi  hypocapnia.  Respirator) 
alkalosis  can  produce  cardiac  ischemia  in  patients  with  or 
without  coronar)  arterj  disease  related  in  coronary  vaso 
constriction  ami  increased  oxygen  affinit)  of  hemoglobin 
ai  decreased  pi Is"  Further,  decreases  in  coronar)  blood 
How  have  been  shown  to  occur  with  decreased  PaCO 
Lastly,  coronar)  vasospasm  and  atypical  chesl  pain  (Prinz- 
metal's angina)  can  also  be  precipitated  b)  hyperventila- 
tion and  prevented  b)  pretreatment  with  calcium  channel 
blockers.38  Noncardiac  chesl  pain  is  produced  b)  esopha- 
geal spasm  induced  b)  hypocapnia.  In  most  cases,  how- 
ever, the  etiolog)  is  unclear  bin  noncardiac  in  nature. 

Pulmonary 

It  is  well  known  that  acute  respirator)  alkalosis  can 
cause  pulmonar)  arter)  vasodilation,  with  a  resulting  de- 
crease in  pulmonar)  vascular  resistance.  For  this  reason,  it 
rein. mis  invaluable  in  the  treatment  of  newborns  with  per- 
sistent pulmonary  hypertension.  Although  the  pulmonar) 
artery  vasodilation  was  initially  thought  to  be  specific  for 
hypocapnia,  studies  show  that  in  fact  it  is  most  closel) 
related  to  changes  m  pHA'""  Respiratory  alkalosis  has 
also  been  shown  to  clearl)  attenuate  thromboxane-induced 
pulmonar)  hypertension,61  which  is  thought  to  be  the  un- 
derlving  cause  of  pulmonary  hypertension  in  infants  with 
Group  B  beta-hemolytic  Streptococcus  and  Escherichia  coli 
pneumonia.  In  contrast,  cyclooxygenase  inhibition  blocks  re- 
spirator) alkalosis-induced  vasodilation.62  Although  respira- 
tory alkalosis  causes  acute  pulmonary  vasodilation,  the  ef- 
fect on  hypoxia-induced  pulmonar)  vasoconstriction  is  not 
sustainable  and.  paradoxically,  ma)  worsen  vasoreactivity 
to  pressors  and  prostacyclin.62-63  Hence,  sustained  respi- 
ratory alkalosis  mas  be  of  limited  efficac)  in  treating  hy- 
poxia-induced pulmonar)  hypertension. 

In  isolated  perfused  lungs,  hypocapnia  has  been  shown 
to  both  induce  lung  injury  and  potentiate  acute  lung  injury 
following  ischemic-reperfusion."'  The  range  of  pH  studied 
was  7.60  to  8.30.  The  mechanisms  of  the  lung  injury  may 
be  related  to  increased  microvascular  permeabilit)  and  re- 
sult from  increased  production  of  dysfunctional  surfac- 
tant.63 Similar  effects  ma)  have  occurred  in  humans  at 
extreme  altitudes  or  during  mechanical  ventilation-induced 
respiratory  alkalosis. 

Gastrointestinal 

Chronic  respirator)  alkalosis  has  no  clinical  effects  on 
the  gastrointestinal  system,  but  acute  respiratory  alkalosis 
produces  nausea,  vomiting,  and  changes  m  gastrointestinal 


motility,  as  described  in  irritable  bowel  syndrome  Mo  l 
ot  these  symptoms  are  produced  via  changes  in  central 
autonomic  control,  namel)  .1  decrease  in  central  sympa 
thetic  outflow  I  Ins  effecl  is  criticall)  dependent  on  the 
presence  oi  hypocapnia,  since  onl)  hypocapnic  (and  not 
cm  apnic  1  hyperventilation  produces  increased  colonic  tone 
and  phasic  activity.'  In  anesthetized,  mechanicall)  venti- 
lated dogs,  hypocapnic  hyperventilation  nol  onl)  affects 
gastrointestinal  motility  hut  also  decreases  splanchnic  per- 
fusion. Splanchnic  perfusion  was  assessed  h>  the  gradient 
between  gastric  intramucosal  (  <),  pressure  and  I', 
However,  in  a  similar  stud)  of  critically  ill  patients  who 
were  hemodv nanncallv  stable,  splanchnic  perfusion  did 
nol  change  with  acute  hypocapnia.69  Acute  respirator)  al- 
kalosis also  decreases  ileal  and  colonic  sodium  and  chlo- 
ride absorption,  as  well  as  bicarbonate  secretion. 

Diagnosis 

When  arterial  pH  is  increased  and  Pa,  ,,  is  decreased,  a 
component  of  respiratory  alkalosis  exists.  As  described 
earlier,  serum  bicarbonate  is  onl)  mildl)  reduced  in  acute 
respiratory  alkalosis.  The  appropriateness  of  compensa- 
tory response  can  he  assessed  by  using  Equations  2  and  3 
for  acute  and  chronic  respirator)  alkalosis,  respectively.  It 
hypocapnia  occurs  with  acidemia,  a  primal)  respiratory 
alkalosis  exists  if  the  degree  of  hypocapnia  is  greater  than 
would  be  expected  in  response  to  the  coexisting  metabolic 
acidosis. 

Therapeutic  Uses 

Induction  of  a  respiratory  alkalosis  for  patients  with 
elevated  intracranial  pressure  (1CP)  is  commonly  per- 
formed. However,  the  overall  benefit  in  comparison  to  the 
risks  has  been  questioned.72  74  Furthermore,  there  has  not 
been  a  consensus  on  what  degree  of  hypocapnia  should  be 
used  to  reduce  the  elevated  ICP.  In  the  past.  PaCO  of  less 
than  25  mm  Hg  was  commonly  used  as  a  goal,  whereas 
now  it  is  not  recommended  that  Pa( ,,  decrease  below  30 
mm  Hg.  In  a  recent  survey  however,  hyperventilation  to  a 

Paco,  'ess  tnan  -?  mm  HS  was  Llsecl  m  -1'''  ol  PaQents 
with  elevated  ICP.7-  Although  an  acute  reduction  in  PaCO 
does  produce  a  rapid  decrease  in  ICP.  it  also  reduces  ce- 
rebral blood  flow,  resulting  in  secondar)  damage  from 
cerebral  ischemia  Hence,  the  recommendation  is  that  hy- 
perventilation should  be  used  onl)  transient!)  (for  exam- 
ple, while  awaiting  ventriculostomv  placement  1.  and  that  it 
be  performed  only  with  elevated  ICP  being  confirmed  b) 
a  pressure  monitor  and  not  empirically.7-1 

Treatment 

Correction  ol  respirator)  alkalosis  is  best  performed  b\ 
ameliorating  the  underlying  cause,  although  in  man)  cases 
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simple  observation  suffices.  Hypoxia  can  be  corrected  with 
the  administration  of  supplemental  oxygen.  Acetazolamide 
given  prior  to  ascent  or  a  slower  ascent  can  help  prevent  or 
mitigate  acute  mountain  sickness.  Lastly,  in  the  ease  of 
medications  and  mechanical  ventilation,  the  offending  drug 
should  be  slopped.  Since  changing  the  mode  of  ventilation 
from  assist-control  to  synchronized  intermittent  manda- 
tor) ventilation  does  not  improve  respirator)  alkalosis, 
sedation  with  or  without  paralysis  may  be  required. 
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Introduction 

Systematic  Approach  to  the  Diagnosis  of  Acid-Base  Disorders 

Assessment  of  the  Accuracy  of  the  Acid-Base  Measurements 

History  and  Physical  Examination 

Calculation  of  the  Serum  Anion  (Jap 

Identification  of  the  Primary  or  Dominant   Acid-Base  Disorder  and 
Assessment  of  Whether  a  Simple  or  Mixed  Acid-Base  Disorder  Is  Present 

Examination  of  Serum  Electrolytes  and  Other  Ancillary  Laboratory  Data 

Measurement  of  Urine  Electrolytes  and  pH 
Illustrative  Cases 


Disorders  of  acid-base  balance  are  commonly  encountered  in  clinical  practice  and  can  have  a 
substantial  impact  on  the  prognosis  of  the  patient.  Moreover,  identification  of  a  particular  acid-base 
disturbance  can  provide  a  clue  to  an  underlying  disorder.  Proper  evaluation  and  treatment  of 
acid-base  disorders  requires  a  systematic  and  analytic  approach  including:  (1)  assess  the  accuracy 
of  the  acid-base  values  using  the  Henderson  equation  or  Henderson-Hasselbalch  equation,  (2) 
obtain  a  complete  history  and  physical  examination,  (3)  calculate  the  serum  anion  gap,  (4)  identify 
the  primary  acid-base  disturbance  and  determine  whether  a  simple  or  mixed  disturbance  is  present, 
(5)  examine  serum  electrolytes  and  additional  laboratory  data,  and  (6)  measure  urine  pH  and  urine 
electrolytes  and  calculate  the  urine  anion  and  osmolal  gaps.  Strict  adherence  to  these  principles  will 
enable  the  clinician  to  diagnose  the  acid-base  disturbance  in  the  majority  of  cases.  To  illustrate  these 
principles,  5  cases  of  patients  with  acid-base  disturbances  are  analyzed.  Kc\  wards:  acid-base 
disturbances,  metabolic  acidosis,  metabolic  alkalosis,  respiratory  acidosis,  respiratory  alkalosis,  anion 
gap,  electrolytes.    [Respir  Care  2001;46(4):392-403] 


Introduction 

Simple  and  mixed  disturbances  of  acid-base  balance 
are  commonly  encountered  in  ambulatory  patients  as 
well  as  m  hospitalized  patients.  In  both  populations. 
recognizing  the  precise  acid-base  disorder(s)  present  is 
essential  to  appropriate  treatment.  Certain  acid-base  dis- 
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orders  can  have  a  substantial  impact  on  the  patient's 
prognosis.  Thus,  severe  acidemia  due  to  metabolic  ac- 
idosis, respiratory  acidosis,  or  both  can  impair  cardio- 
vascular function  and  contribute  to  the  development  of 
lite-threatening  arrhythmias.1  J  Similarly,  severe  alkalemia 
due  to  metabolic  alkalosis,  respiratory  alkalosis,  or  both  can 
contribute  to  the  high  mortality  of  patients  in  the  intensive 
care  unit3-4  Further,  the  finding  of  a  particular  acid-base  dis- 
turbance can  provide  a  clue  to  an  underlying  disorder:  lor 
example,  respiratory  alkalosis  can  precede  oven  signs  of  sep- 
sis, and  the  combination  of  a  high  anion  gap  metabolic  aci- 
dosis and  respiratory  alkalosis  can  suggest  the  diagnosis  ol 
salicy  late  intoxication."  In  the  follow  ing  discussion  we  present 
our  approach  to  the  diagnosis  of  patients  with  disorders  of 
acid-base  balance.  Although  the  approach  is  simple,  it  is  suf- 
ficiently sound  to  allow  rapid  diagnosis  of  the  prevailing 
acid-base  disorders. 
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Systematic  Approach  to  the  Diagnosis  of  Vdd-Base 
Disorders 


Assessment  <>f  the  Vccuracj  <>l  the  Acid-Base 
Measurements 


Propei  evaluation  and  treatment  ol  disturbances  ol  ac  id 
base  balance  requires  the  systematic  and  analytic  approach 
outlined  in  I  able  I.  Adherence  to  these  principles  cannot 
be  overemphasized  Even  experienced  physicians  risk  mis 
diagnosing  the  patient's  acid-base  status  b)  bypassing  this 
systematic  approach 

One  of  the  commonest  errors  clinicians  make  in  the 
initial  evaluation  of  patients  with  acid-base  disorders  is 
the  incorrect  use  ol  acid  base  terminology.  Specifically, 
the  suffix  "  osis  "  is  frequently  used  to  implj  changes  in 
blood  acidity,  rather  than  the  appropriate  suffix,  "-emia." 
Thus,  acidosis  indicates  a  pathophysiologic  process  tend- 
ing to  acidif)  bod)  Fluids,  whereas  acidemia  indicates  a 
reduction  in  blood  pH.  Similarly,  alkalosis  relets  to  the 
pathophysiologic  process  tending  to  alkalinize  body  fluids 
and  alkalemia  denotes  an  increase  in  blood  pH.  Impor- 
tantly, patients  can  have  acidosis  or  alkalosis  without  be- 
ing acidemic  or  alkalemic,  respective!) .  Given  that  it  is  the 
pH  of  the  intracellular  and  extracellular  compartments  that 
affects  organ  function,  rather  than  the  absolute  values  ol 
the  determinants  serum  bicarbonate  and  arterial  partial  pres- 
sure of  carbon  dioxide  1 1' „  ,,  ).''  it  is  essential  to  appropri- 
ately identif)  the  abnormalit)  in  acid-base  balance  and  indi- 
cate whether  n  gives  use  to  a  deviation  in  blood  acidity. 


rable  1       Systematic    Vpproach  to  the  Analysis  of  Acid-Base 
Disorders 

1.  Assess  the  accuracj  ol  the  acid-base  parameters  using  the 

Henderson  equation:  [H    I      M  ■   1',  ,,/|HCO,   |  or  the 

Henderson-Hasselbalch  equation 

pH      6.1   •  logfHCO     1/0.03   ■   Pco 

2.  Obtain  a  good  histor)  and  perform  a  complete  physical 

examination,  looking  foi  clues  to  a  particulai  acid-base 
disturbance 

3.  Calculate  the  serum  anion  gap:  [Na   I      (fHCO     I  t-  [CI   |i 

4    Identif)  the  primarj  acid  base  disturbance  and  assess  whether  a 

simple  or  mixed  acid  base  disturbance  is  present 
5.  Examine  serum  electrolytes  and  ancillar)  laboratorj  data. 
6    Measure  urine  pH  and  urine  electrolytes,  urine  urea  nitrogen,  and 

glucose  to  calculate  the  urine  anion  gap  ([Na  I  -  |k  I 
[CI-])  or  urine  osmoial  gap  measured  osmolality  (2[Na 
K'|  •  urea  nitrogen/2.8  ■+  glucose/18)  Measurement  of  urine  Na 

and  CI  and  urine  pi  I  should  he  obtained  when  metabolic  alkalosis  is 
present  Measurement  ol  urine  electrolytes,  urine  glucose  and  urea. 
and  urine  pi  I  should  be  obtained  when  an  element  ol  normal  anion 
gap  metabolic  acidosis  is  present. 


I  he  lust  step  m  analyzing  an)  acid  base  disordei  is  to 
ensure  that  the  available  measurements  of  pll.  partial  pres- 
sure oi  carbon  dioxide  (Pco ),  and  bicarbonate  concentration 
are  correct.  The  components  oi  the  bicarbonate  carbonii 
swcin  are  always  at  equilibrium  in  blood,  therefore,  mea 

SUrementS  of  pH.  Pco,  and  bicarbonate  must  adhere  to  the 

mathematical  constraints  of  the  Henderson-Hasselbalch 

equation: 


pll       6.1    •    log  [HC03    1/(0.03    ■    PC0  I 


(1) 


P  (uni.il  pressur  (ide 

IA.M         '-I     Vpproach  to  ihc  dia  l-base  disordos  In  Mass) 

si,  Glassock  ki  M 

Williams  .V  Wilkin..  1995  -is"  »nli  permiss 


pH  and  P,  ,  |  are  measured  with  a  blood  gas  analyzer  using 
specific  electrodes;  serum  bicarbonate  is  then  derived  b> 
applying  the  known  values  for  pH  and  Pco  into  the  Hen- 
derson llasselbalch  equation  On  the  other  hand,  serum 
bicarbonate  is  determined  in  the  chemistr)  laboratory  us- 
ing an  autoanalyzer  technique.  In  actuality,  with  this  tech- 
nique total  CO:  content  is  measured,  but  since  serum  bi- 
carbonate normally  comprises  about  95$  of  that 
measurement,  total  C02  content  can  in  practice  he  taken  as 
equivalent  to  serum  bicarbonate 

Routinely,  venous  blood  is  used  for  measurement  ot 
total  CO,  content,  the  resulting  value  being  higher  by  2-3 
mmol/L  than  that  of  arterial  blood.  By  contrast,  arterial 
blood  is  usually  employed  for  measurement  of  pH  and 
CO,  tension.  Errors  in  accurate  assessment  of  acid-base 
status  can  be  introduced  during  the  process  ol  specimen 
collection  or  measurement  of  the  acid-base  v  ariables.  Blood 
should  be  collected  anaerobically  and  serum  promptly  sep 
arated  from  whole  blood  and  stored  at  4  C  until  analyzed 
to  ensure  accurate  assessment  of  acid-base  equilibrium. 
The  occurrence  of  spurious  hypocapnia  and  h)  pobicarbon- 
atemia  resulting  from  the  diltttional  effect  o\  excessive 
amounts  ol  sodium  heparin  solution  in  the  blood  sample  Ol 
failure  to  complete!)  fill  the  vacutainer  tube  when  obtain- 
ing blood  has  been  emphasized  "  Also,  elevation  of  serum 
bicarbonate  can  occur  after  the  blood  is  obtained  il  the 
serum  is  not  immediate!)  separated  from  the  cells,  since 
C02  continues  to  be  generated  by  cellular  metabolism.1" 
More  frequently,  however,  a  decrease  in  serum  bicarbon- 
ate of  3-5  mEq/L  can  be  observed  because  o\  loss  of  CO? 
if  the  serum  is  left  exposed  to  air  for  more  than  90-  120 
minutes  prior  to  the  determination  of  CO..1"  Methodolog- 
ical errors  are  somewhat  more  frequent  with  the  chemical 
determination  of  total  CO,  Thus,  it  is  often  more  suitable 
to  use  pfl.  Pco  and  the  derived  plasma  bicarbonate  con 
centration  to  assess  acid-base  disorders. 

Because  of  the  risks  o\  sampling  arterial  blood,  includ- 
ing pain  and  thrombosis  of  arterial  vessels,  clinicians  have 
explored  the  use  of  venous  blood  gas  values  to  approxj 
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mate  arterial  measurements  of  acid-base  variables."  Al- 
though some  studies  have  found  a  good  correlation  be- 
tween routine  acid-base  measurements  obtained  from 
venous  and  arterial  blood  samples,  other  studies  have  Tailed 
to  do  so.12  It  patients  have  intact  tissue  perfusion,  "arteri- 
ali/ed  blood"  obtained  by  venipuncture  after  warming  the 
dorsum  of  the  hand  to  41-43°  C  has  been  shown  to  ap- 
proximate arterial  blood  gas  samples  relatively  closely." 
In  selected  patients  this  methodology  might  be  used,  but  it 
requires  strict  attention  to  proper  technique.  At  present  we 
recommend  the  use  of  arterial  blood  for  the  assessment  of 
the  majority  of  patients  with  acid-base  disorders. 

Recently  several  investigators  have  recognized  that,  un- 
der conditions  of  reduced  cardiac  output  and  pulmonary 
perfusion  but  relative  preservation  of  alveolar  ventilation, 
arterial  blood  gas  samples  might  not  accurately  reflect  the 
acid-base  milieu  of  cells.1415  Thus,  in  such  patients  mixed 
venous  pH  and  Pco,  were  markedly  different  from  the 
corresponding  arterial  values.  pH  being  substantially  lower 
and  Pro  being  substantially  higher  in  mixed  venous  blood. 
Therefore,  in  critically-ill  patients,  mixed  venous  blood 
acid-base  data  can  be  helpful  in  detecting  continuing  im- 
paired tissue  perfusion.  Of  course,  measurement  of  mixed 
venous  blood  gases  necessitates  the  insertion  of  a  central 
line  and  therefore  will  be  done  only  in  seriously  ill  patients 
in  the  intensive  care  unit. 

Whenever  independent  measurements  of  the  acid-base 
variables  are  available  (ie,  plasma  bicarbonate  concentra- 
tion measured  in  the  chemistry  laboratory  and  pH  and  PCOi 
in  the  blood  gas  laboratory),  the  accuracy  of  the  values  can 
be  checked  using  the  logarithmic  (Henderson-Hasselbalch) 
or  linear  (Henderson)  form  of  the  mass  action  equation  for 
the  bicarbonate-carbonic  acid  system.7-8  As  a  matter  of 
convenience,  the  linear  form  of  the  equation  is  more  com- 
monly employed  to  evaluate  the  accuracy  of  the  acid-base 
variables: 


[able  1      Comparison  of  Methods  ol  Interconversion  of  pH  and 
Hydrogen  Ion  Concentration  with  Actual  Values 


Hydrogen  Ion  Concentration 

pH 

Deduced  Values  (nEq/L) 

Actual  Values 

V 

Bt 

( nEq/L  1 

7.80 

— 

16 

16 

7.70 

— 

20 

20 

7.60 

— 

26 

25 

7.50 

30 

32 

32 

7.40 

40 

40 

40 

7.30 

50 

50 

50 

7.20 

60 

63 

63 

7.10 

— 

78 

79 

7.00 

— 

98 

100 

6.90 

— 

122 

126 

*  \    Belween  pH  7.2  and  7.5,  with  every  0.1  unit  change  in  pH.  hydrogen  ion  concentration 
changes  by  HI  nhq/L  m  [he  opposite  direction 

tB:  With  even.  0.1  unit  increase  in  pH.  multiply  preceding  hydrogen  ion  concentration  b)  0  B 
With  esery  it  1  decrease  in  pll.  nujltiph  preceding  hydrogen  ion  concentration  hy  1  25. 
1-roni  Kraul  JA.  Madias  NH    Approach  lo  the  diagnosis  ot  acid-base  disorders    In    M.i.sr\ 
SG.  Glassock  RJ.  ediior.   Massry  and  Glassock's 'textbook  of  nephrology.  Baltimore  MD: 
Williams  ,t  Willsins.  1W4KX.  with  permission  i 


for  every  0.3  unit  decrease  in  pH.  The  different  methods  of 
translating  pH  into  hydrogen  ion  concentration  are  illus- 
trated in  Table  2.  If  a  calculator  is  readily  available,  it  is 
also  convenient  to  use  the  logarithmic  form  of  the  mass 
action  equation  (Henderson-Hasselbalch)  to  accomplish  the 
same  purpose.  If  the  independently  measured  values  for 
pH,  PaCO,.  and  bicarbonate  concentration  do  not  fit  rea- 
sonably well  into  these  equations,  repeat  determinations 
should  be  performed  before  any  analysis  of  the  nature  of 
the  acid-base  disturbance  is  made. 

History  and  Physical  Examination 


[rTl  =  24  x  PCO:/[HC03-] 


(2) 


where  [H  +  ]  (the  concentration  of  H+  ions)  is  expressed  in 
nEq/L.  PCCK  in  mm  Hg.  and  [HCO,  |  in  mEq/L.16  Con- 
version of  pH  into  [H  +  j  expressed  in  nEq/L  can  be  ac- 
complished by  solving  the  equation  [H  +  ]  =  antilog  (9  - 
pH).  This  interconversion  is  facilitated  by  the  fact  that  the 
average  normal  arterial  blood  pH  of  7.40  corresponds  to  a 
hydrogen  ion  concentration  of  40  nEq/L.  Furthermore,  be- 
tween pH  values  of  7.2  and  7.5,  for  every  0.1  unit  change 
in  pH.  there  is  a  change  in  hydrogen  ion  concentration  of 
about  10  nEq/L  in  the  opposite  direction.  Hydrogen  ion 
concentration  can  also  be  derived  from  pH  by  sequentially 
multiplying  the  preceding  hydrogen  ion  concentration  by 
0.8  w  hen  pH  increases  by  0. 1 ,  or  by  1 .25  when  it  decreases 
by  0.1.  Also  note  that  hydrogen  ion  concentration  doubles 


After  the  internal  consistency  of  the  acid-base  values 
has  been  verified,  it  is  necessary  to  obtain  a  good  history 
and  to  perform  a  complete  and  careful  physical  examina- 
tion. These  two  tasks  are  often  avoided  in  favor  of  imme- 
diate dissection  of  the  laboratory  data.  In  this  regard  it 
should  be  emphasized  that  a  given  set  of  acid-base  values 
is  never  diagnostic  of  a  particular  acid-base  disorder,  but 
rather  consistent  with  a  wide  range  of  acid-base  abnormal- 
ities. Indeed,  what  appears  to  be  a  straightforward,  simple 
acid-base  disorder  might  in  actuality  reflect  the  composite 
of  coexisting  acid-base  disturbances.  Clues  from  the  his- 
tory and  physical  examination  are  therefore  usually  help- 
ful in  differentiating  among  the  various  possibilities.  A 
patient  with  severe  chronic  renal  failure  or  insulin-depen- 
dent diabetes  melhtus  might  be  expected  to  have  a  high 
anion  gap  metabolic  acidosis.  A  patient  with  a  history  of 
vomiting  or  who  is  receiving  diuretics  might  be  expected 
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to  have  metabolic  alkalosis  a  patient  with  chronic  lung 
disease  might  be  expected  to  have  respirator)  acidosis. 
Similarly,  a  patient  with  a  nistorj  ol  a  disordei  associated 
wuh  extracellular  volume  depletion  who  presents  with  hy- 
potension  and  evidence  ol  reduced  tissue  perfusion  might 
have  lactic  acidosis,  whereas  respirator)  alkalosis  is  a  likel) 
possibility  m  a  patient  in  hepatic  coma.  Physical  abnoi 
malities  such  as  optic  papillitis  detected  on  funduscopic 
examination  or  evidence  ol  severe  respirator)  distress  and 
obstructive  pulmonar)  disease  detected  b)  chest  examina- 
tion might  suggest  the  presence  of  methanol  intoxication 
or  respirator)  acidosis,  respectively. 

Calculation  of  the  Serum  \nion  Gap 

The  scrum  anion  gap  is  the  sum  of  serum  [CI  |  and 
1HCO,  ]  subtracted  from  the  sum  of  scrum  |Na  |  and 
[K+].17  :i  Since  the  concentration  of  potassium  in  the  sc- 
rum is  generall)  low  and  relativel)  constant,  many  experts 
ignore  scrum  potassium  concentration  in  this  calculation. 
Denned  in  this  way,  |Na  ]  -([CI  |  +  [HC03  |),  the  nor- 
mal anion  gap.  which  reflects  primaril)  the  negative  charge 
of  circulating  proteins,  ranges  between  8  and  18  mEq/L. 
with  an  average  o!  Id  12  nil.q/1  A  spurious  increase  in 
the  anion  gap  can  he  observed  it  the  serum  sample  is  left 
exposed  lo  air:  loss  of  water  and  CO,  results  in  a  decrease 
in  bicarbonate  and  increase  in  sodium,  chloride,  and  po- 
tassium  (the  change  is  usuall)  s;  6  mEq/L  after  2  hi.1  I8 
Several  clinical  laboratories  have  introduced  a  new  auto- 
analyzer  method  for  measuring  serum  chloride  that  results 
in  a  higher  value  and.  as  a  consequence,  a  lower  level  for 
the  serum  anion  gap  (average  of  6-8  mEq/L ).:"  Thus,  in 
indh  idual  hospitals,  the  clinician  should  know  the  normal 
range  of  the  scrum  anion  gap  in  his  or  her  laboratory  when 
evaluating  acid-base  disorders.  Moreover,  given  the  wide 
range  of  the  normal  anion  gap.  if  previous  electrolyte  val- 
ues are  available  for  the  patient  when  no  acid-base  or 
electrolyte  disturbance  was  present,  the  serum  anion  gap 
calculated  from  these  electrolytes  should  be  used  as  the 
baseline  value.  Because  the  level  of  serum  proteins  is  l( 
critical  determinant  of  the  level  of  the  anion  gap.  a  reduc- 
tion in  the  anion  gap  will  he  seen  in  patients  with  hy- 
poalbuminemia,  the  anion  gapdecreasing  by  approximate^ 
2.5  mEq/L  for  every  g/dL  reduction  in  serum  albumin 
concentration.1  ~-ls  Other  factors  that  can  reduce  the  serum 
anion  gap  include  presence  of  canonic  paraproteins  with 
multiple  myeloma,17  severe  hypernatremia,  hyperviscos- 
ity, and  bromide  intoxication.18-21 

On  the  other  hand,  the  anion  gap  can  be  modestl)  ele- 
vated with  severe  metabolic  alkalosis,  particularly  if  the 
alkalosis  is  chloride-sensitive,  reflecting  the  increment  in 
net  anionic  charge  ol  circulating  proteins,  an  increase  in 
the  concentration  of  these  proteins,  and  an  increase  in  the 
serum  levels  of  organic  acids,21  ".  However,  even  with 


severe  alkalenua  the  increment  m  the  anion  gap  is  no  more 
than  n  mEq/1  .  and  therefore  a  greatei  value  usuall-. 
iniics  the  concomitant  presence  ol  a  high  anion  gap  met 
abolic  acidosis  Importantly,  in  some  circumstances  an  el- 
evated serum  anion  gap  might  be  the  onl)  clue  to  the 
presence  ol  this  acid-base  disturbance  I  he  increase  in  the 
scrum  anion  gap  occurs  because  the  addition  to  the  bod) 
lluids  oi  an)  sluing  acid  produces  both  a  decrease  in  se- 
rum bicarbonate  concentration  and  an  increase  in  the  con- 
centration of  the  acid  anion.  It  the  acid  accumulating  in  the 
blood  is  hydrochloric  acid  uis  essential!)  occurs  with  bi- 
carbonate loss  from  the  bod)  I.  the  anion  gap  remains  sta- 
ble, because  the  decrease  in  serum  bicarbonate  is  matched 
b)  an  equivalent  increase  m  scrum  chloride  concentration. 
Actually,  a  slight  decrease  in  serum  anion  gap  might  be 
observed  that  is  presumed  to  reflect  pll-rclated  titration  of 
proteins  -M  By  contrast,  if  the  acid  accumulating  in  the 
blood  is  any  acid  other  than  hydrochloric  acid  (for  exam- 
ple, lactic  acid),  the  reduction  in  serum  bicarbonate  will  be 
accompanied  by  an  increase  in  the  concentration  ol  the 
acid  anion,  in  this  case  lactate:  serum  chloride  will  remain 
unchanged.  Since  chloride  and  bicarbonate,  but  not  lactate, 
are  the  anions  considered  in  the  calculation  ol  the  serum 
anion  gap.  an  increase  in  the  serum  anion  gap  will  be 
realized. 

The  nature  of  the  reciprocal  stoichiometr)  between  the 
increase  in  the  anion  gap  I  termed  the  delta  anion  gap)  and 
the  decrease  in  serum  bicarbonate  (termed  the  delta  bicar- 
bonate) is  controversial.  Some  experts  have  suggested  that 
there  is  a  strict  1:1  relationship:  that  is.  the  increase  in  the 
serum  anion  gap  and  decrease  in  serum  bicarbonate  con- 
centration are  equivalent.1718  Others  have  indicated  that 
the  ratio  can  range  between  1  and  2  and  may  differ  with 
different  types  of  metabolic  acidosis.19  s  For  example. 
some  studies  have  suggested  that  the  increase  in  serum 
anion  gap  exceeds  the  decrease  in  bicarbonate  concentra- 
tion in  lactic  acidosis  of  more  than  a  few  hours  duration.1" 
A  feasible  explanation  for  this  phenomenon  is  that  the 
space  of  distribution  of  hydrogen  ions  and  lactate  ions 
differs:  hydrogen  ions  are  buffered  in  both  intracellular 
and  extracellular  compartments,  whereas  lactate  anion  is 
confined  to  the  extracellular  space.  On  the  other  hand,  the 
delta  anion  gap/delta  bicarbonate  in  diabetic  ketoacidosis 
has  been  shown  to  more  closel)  approximate  1:1:  the  loss 
of  ketoacid  anions  with  sodium  or  potassium  in  the  urine 
lowers  the  anion  gap  and  leads  to  an  increase  in  serum 
chloride  concentration  without  affecting  scrum  bicarbon- 
ate concentration,  therein  counteracting  the  impact  of  the 
differing  spaces  of  distribution  ol  protons  and  acid  an- 
ions.25 '"  Whatever  the  nature  of  the  relationship  between 
the  change  in  bicarbonate  and  scrum  anion  gap,  the  addi- 
tion of  the  value  for  the  delta  anion  gap  to  the  prevailing 
level  of  scrum  bicarbonate  allows  an  approximation  ol  the 
baseline  value  ol  plasma  bicarbonate  existing  prior  to  the 
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development  of  the  high  anion  gap  metabolic  acidosis 
This  exercise  is  important  in  distinguishing  between  a  pure 
high  anion  gap  metabolic  acidosis  and  a  mixed  high  and 
normal  anion  gap  metabolic  acidosis,  and  also  in  detecting 
the  presence  of  a  mixed  high  anion  gap  metabolic  acidosis 
and  metabolic  alkalosis.  As  a  corollary,  a  combined  nor- 
mal anion  gap  metabolic  acidosis  and  metabolic  alkalosis 
could  not  be  detected  merely  by  looking  at  the  electrolytes, 
since  the  changes  in  electrolytes  observed  with  these  two 
disturbances  mirror  each  other.  Table  3  illustrates  the  util- 
ity of  the  delta  gap  in  diagnosing  such  mixed  acid-base 
disturbances.  The  magnitude  of  the  anion  gap  noted  with 
the  various  causes  of  metabolic  acidosis  can  vary  greatly: 
however,  a  level  greater  than  30-35  mEq/L  is  rare,  except 
with  lactic  acidosis,  ketoacidosis,  and  methanol  or  ethyl- 
ene glycol  intoxication.18 :7  Indeed,  patients  with  these 
disorders  have  been  reported  with  serum  anion  gaps  ex- 
ceeding 50  mEq/L. 

Identification  of  the  Primary  or  Dominant  Acid-Base 
Disorder  and  Assessment  of  Whether  a  Simple  or 
Mixed  Acid-Base  Disorder  Is  Present 

Each  of  the  cardinal  acid-base  disorders  consists  of  the 
primary  or  initiating  event  and  the  secondary  or  adaptive 
response.  Disorders  initiated  by  a  change  in  serum  bicar- 
bonate concentration,  referred  to  as  metabolic,  elicit  sec- 
ondary changes  in  PaCo,-  Similarly,  disorders  initiated  by 
a  change  in  Pa(o,-  referred  to  as  respiratory,  elicit  second- 
ary changes  in  the  level  of  serum  bicarbonate.  Each  of  the 
secondary  or  adaptive  responses  has  a  characteristic  time 
course  and  magnitude  and  tends  to  return  blood  pH  to- 
ward, but  not  completely  to  normal  levels.28 -31  The  ex- 
ception to  this  rule  is  chronic  hypocapnia  (respiratory  al- 
kalosis). If  the  hypocapnia  is  mild  in  degree,  blood  pH  can 
be  within  normal  limits."  Some  degree  of  acidemia  or 


alkalemia  persists  with  all  other  acid-base  disorders,  as 
long  as  the  initiating  acidifying  or  alkalinizing  process  is 
present.  Therefore,  the  presence  of  a  normal  blood  pH  in 
a  patient  with  metabolic  acidosis,  metabolic  alkalosis,  or 
respiratory  acidosis  implies  the  presence  of  an  additional 
disturbance. 

Accurate  assessment  of  disorders  of  acid-base  equilib- 
rium requires  knowledge  of  both  the  time  necessary  for  the 
adaptive  responses  to  reach  completion  and  the  magnitude 
of  the  anticipated  secondary  adaptive  response  to  each 
primary  acid-base  disorder.  Table  4  shows  the  time  course 
and  magnitude  of  the  secondary  responses  to  the  4  cardinal 
acid-base  disturbances.  Analysis  of  disorders  of  acid-base 
equilibrium  can  also  be  aided  by  the  use  of  an  acid-base 
nomogram,  an  example  of  which  is  depicted  in  Figure  1 . 
Such  an  acid-base  map  schematically  presents  the  limits  of 
compensation  for  each  of  the  primary  acid-base  distur- 
bances. Acid-base  variables  falling  outside  the  expected 
range  for  each  simple  acid-base  disorder  denote  the  pres- 
ence of  a  mixed  acid-base  disturbance.  On  the  other  hand, 
acid-base  values  falling  within  the  expected  range  of  a 
simple  acid-base  disorder  are  consistent  with,  but  not  di- 
agnostic of.  the  particular  disorder.  Because  the  range  of 
physiologic  response  to  any  simple  disturbance  is  wide 
enough  to  allow  the  superimposition  of  another  primary 
disturbance  without  shifting  the  acid-base  equilibrium  be- 
yond the  expected  limits  for  a  simple  disorder,  the  simul- 
taneous presence  of  several  acid-base  derangements  can 
result  in  an  acid-base  profile  that  is  identical  to  that  pro- 
duced by  a  simple  acid-base  disorder. 

The  clinician  should  also  note  that  although  each  of  the 
cardinal  disturbances  promptly  activates  a  secondan  re- 
sponse, the  relationship  between  serum  bicarbonate  con- 
centration and  PaCO,  for  each  of  the  primary  disturbances 
has  been  empirically  derived  from  data  obtained  during 
the  steady  state.  Since  a  defined  time  interval  is  required 


Table  3.       Use  of  the  Delta  Anion  Gap  in  (he  Diagnosis  of  Mixed  Metaholic  Acid-Base  Disorders 


Blood  Chemistries 


Normal 


High  Anion  High  and  Normal  Anion  Metaholic 

Gap  Acidosis  Gap  Acidosis  Alkalosis 


High  Anion  Gap  Acidosis 
and  Metabolic  Alkalosis 


Sodium  (mEq/L| 

140 

140 

Chloride  (mEq/Ll 

106 

106 

Bicarbonate  (mEq/L) 

24 

14 

A  Bicarbonate 

— 

10 

Anion  gap  (mEq/Ll 

10 

20 

A  Anion  gap  imEq/Ll 

— 

10 

Pll 

7.40 

7.29 

l\,  0  (mm  llgi 

40 

30 

\      .  bang 
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l.ihk-  I       Nature  ol   Adaptive  Response  to  Primar)   Vcid-Base  Disorders 


Primar)   Veid  Base       Initialing 
Disturbance  Met  hanism 


irj  Physiologit  Response 


I  nut  in  Reach 


Limits  ol  <  lompensalion 


Metabolic  acidosis      .   [HC03    I,,     .   I',,,,  ol  I    I  I  mm  Hg  for  each  mEq/1  decrease  in  [HC03   |p 

P  co        1.5  |H(  Oj-]       8  ±2 
Metabolic  alkalosis     |   [HCO     I,      '   P,coj  of  0.4-0.7  mm  Hg  for  each  mEq/1   increase  in  [HC03   I,,  I     6  h 

Respiratory  acidosis    '    I' .    .  ^cute     '    [HCO     |p  of  1.0  mEq/1    forever)   10  mm  Hg  increase  5-10 

in  P.,  0 
Chronic     '   [HCO     I    ol  ;  ^  ml  .|  I   for  ever)  10  mm  Hg  increase 

in  I'  ,  .  . 
Vcute     .    [HC03    L  of  2  mEq/L  for  every  10  mm  Hg  decrease  in         5-10  min 

■',.  1 ' 
Chronic    |   |HCO,   |pol  1  5  mEq/1   forever)  10  mm  Hg  decrease      4*  72  h 

in  P„  0 


( lompletion 

I"  ,  ,,     ..I     Ml   Mil 


Respirator)  alkalosis  .   r .,  . 


Ol  ^  111111  11 
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[IK  11 
II I   i:    14  inl.q/l 


utoon  dioxide 

M*  ii 

1  55  mm  Hg  have  been  reported 
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tor  the  secondary  response  to  reach  completion,  or  to  be 
eliminated  once  the  primar)  disturbance  has  been  cor- 
rected, a  mixed  acid-base  disturbance  might  be  incorrectly 
diagnosed,  when  onlj  a  simple  disturbance  is  present,  it 
insufficient  time  has  elapsed  for  the  secondary  response  to 
develop  or  resolve. 

ARTERIAL    BLOOD    [h*]   (nmol/Liter) 

100  90     80     70     60         50  40  30  20 


ARTERIAL  BLOOD    pH 

Fig.  1 .  Acid-base  nomogram.  This  acid-base  map  depicts  the  95% 
confidence  limits  of  the  normal  metabolic  and  respiratory  adapta- 
tion to  each  of  the  4  primary  acid-base  disorders.  (From  Cogan  M. 
Rector  FC.  Acid-base  disorders.  In:  Brenner  BM,  Rector  FC,  edi- 
tors. The  kidney.  Philadelphia:  WB  Saunders:  1986:473.  with  per- 
mission.) 


To  identify  the  primary  or  dominant  acid-base  disorder, 
we  choose  to  first  examine  the  serum  bicarbonate  concen- 
tration. Other  experts  have  recommended  examining  blood 
pH  first,  but  either  approach  is  acceptable.  An  increase  in 
serum  bicarbonate  can  represent  either  metabolic  alkalosis 
or  the  adaptive  response  to  respiratory  acidosis,  [f  blood 
pH  is  elevated,  metabolic  alkalosis  is  the  primary  disorder; 
by  contrast,  if  blood  pH  is  reduced,  then  respiratorv  aci- 
dosis is  the  primary  disorder.  Conversely,  a  reduced  serum 
bicarbonate  concentration  signifies  metabolic  acidosis  or 
the  adaptive  response  to  respiratory  alkalosis.  If  hypobi- 
carbonatemia  is  accompanied  by  a  reduced  blood  pH,  met- 
abolic acidosis  is  the  primary  disorder:  on  the  other  hand. 
an  elevated  blood  pH  in  the  presence  of  a  low  serum 
bicarbonate  level  indicates  the  presence  of  respiratorv  al- 
kalosis. If  blood  pH  is  in  the  normal  range  in  the  company 
of  hypobicarbonatemia  or  hyperbicarbonatemia,  it  indi- 
cates that  metabolic  and  respiratorv  disturbances  have  an 
equivalent  impact  on  acid-base  balance  and  there  is  no 
dominant  acid-base  disorder.  Assessment  of  w  nether  a  sim- 
ple or  mixed  disturbance  is  present  is  then  done  bv  using 
the  principles  delineated  above.  An  important  clue  to  the 
presence  of  a  mixed  acid-base  disorder  is  the  dev  lalion  of 
serum  bicarbonate  and  P ,,  , ,  in  opposite  directions,  vv  hereas 
in  simple  acid-base  disturbances  these  values  vary  in  the 
same  direction.  An  additional  clue  to  the  presence  ot  a 
mixed  disorder  is  a  normal  or  near-normal  blood  pH.  sig- 
nifying the  coexistence  of  acid-base  disorders  with  offset- 
ling  effects  on  blood  pH  The  sole  exception  to  this  rule,  as 
noted  above,  is  mild  respirator]  alkalosis;  this  acid-base 
disturbance  can  be  present  alone  when  the  blood  pH  is 
vv  ithin  normal  limits. 
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Examination  of  Serum  Electrolytes  and  Other 
Ancillary  Laboratory  Data 

In  addition  to  the  calculation  of  the  serum  anion  gap. 
examination  of  the  scrum  electrolytes,  particularly  serum 
potassium  concentration,  can  be  very  helpful  in  the  differ- 
ential diagnosis  of  certain  acid-base  disorders,  specifically 
normal  anion  gap  ( hyperchloremic)  metabolic  acidosis. <J  ' > 
Normal  anion  gap  acidoses  can  be  conveniently  divided 
into  disorders  in  which  serum  potassium  concentration  is 
normal  or  elevated  and  those  in  which  serum  potassium 
concentration  is  low.  The  former  disorders,  typified  by 
aldosterone  deficiency  or  resistance,  are  characterized  pri- 
marily by  a  renal  defect  in  secretion  of  potassium  and 
hydrogen. ,:u,s  whereas  the  latter  group  of  disorders,  typ- 
ified by  diarrhea,  are  distinguished  by  substantial  losses  of 
potassium  during  the  generation  and/or  maintenance  phases 
of  the  acidosis.32  Therefore,  identification  of  a  normal  an- 
ion yap  metabolic  acidosis  should  be  followed  by  exami- 
nation of  the  serum  potassium  concentration.  By  contrast, 
serum  potassium  concentration  can  be  high,  normal,  or 
low  in  the  various  disorders  associated  with  a  high  anion 
gap  metabolic  acidosis,  and  therefore  is  of  no  particular 
help  in  the  differential  diagnosis  of  this  type  of  metabolic 
acidosis."1  Hypokalemia  accompanies  all  forms  of  meta- 
bolic alkalosis  and  is  of  no  use  in  the  diagnosis  of  this 
disorder.  Respiratory  acid-base  disturbances  can  also  alter 
serum  potassium  concentration,  but  the  magnitude  of  these 
changes  is  generally  much  less  than  that  noted  with  met- 
abolic acid-base  disturbances;  therefore,  in  the  absence  of 
other  explanations,  marked  deviations  in  serum  potassium 
concentration  usually  suggest  the  presence  of  a  metabolic 
acid-base  disturbance. 

In  patients  with  high  anion  gap  metabolic  acidosis,  de- 
termination of  serum  glucose,  lactate,  and  creatinine  con- 
centrations and  investigation  for  ketonemia  or  ketonuria 
will  usually  identify  ketoacidosis,  lactic  acidosis,  or  renal 
failure  as  causes  of  the  acidosis. ' 7  - '  -7  However,  one  should 
be  cognizant  of  the  fact  that  it  might  be  impossible  to  fully 
account  for  the  increase  in  the  anion  gap  by  measurement 
of  identifiable  organic  acid  anions  or  inorganic  phosphate 
and  sulfate.18-27  In  investigating  for  evidence  of  ketosis,  it 
is  important  to  remember  that  the  nitroprusside  reaction 
detects  acetoacetate  rather  than  the  more  predominant 
beta-hydroxybutyrate  species.  Particularly  in  alcoholic 
ketoacidosis  or  combined  lactic  acidosis  and  diabetic 
ketoacidosis  there  is  a  shift  away  from  the  formation 
of  ketoacetate  toward  beta-hydroxybutyrate.  and  therefore 
the  nitroprusside  reaction  can  be  negative  or  only  mildly 
positive.  A  screen  of  blood  or  urine  for  certain  toxins  is 
very  useful  (sec  below  i  in  detecting  aspirin,  methanol,  or 
ethylene  glycol  intoxication.  In  this  regard,  measurement 
ii[  scrum  osmolality  and  comparison  of  this  value  to  the 
estimate  of  scrum  osmolality  derived  from  consideration 


of  the  usual  osmotically  active  substances  in  blood  can  be 
of  great  value  in  suggesting  the  diagnosis  of  toxic  alcohol 
intoxications."  Under  normal  circumstances,  the  quanti- 
tatively most  important  moieties  contributing  to  serum  os- 
molality are  sodium  (and  its  counterbalancing  anions,  chlo- 
ride and  bicarbonate  I.  glucose,  and  urea.  Thus,  serum 
osmolality  can  rapidly  be  estimated  using  the  following 
formula: 


2  X  [Na+]  +  [glucose]/18  4-  [BUNj/2.8 


(3) 


wherein  [glucose]  and  blood  urea  nitrogen  (|BUN|)  are 
expressed  in  mg/dL.  An  osmolal  gap  (defined  as  the  dif- 
ference between  the  measured  and  estimated  serum  osmo- 
lality) greater  than  10  mOsm/kg  H20  signifies  the  pres- 
ence in  serum  of  additional  osmotically  active  particles 
and  suggests  the  diagnosis  of  methanol  or  ethylene  glycol 
intoxication,  or  alcoholic  ketoacidosis.  A  mildly  increased 
osmolal  gap  has  been  identified  in  some  patients  with 
lactic  acidosis  or  chronic  renal  failure,  the  explanation  for 
which  remains  unclear.38  40  Thus,  in  some  instances  an 
osmolal  gap  increased  to  values  as  high  as  20  mOsm/kg 
H:0  might  not  indicate  toxic  alcohol  ingestion.  On  the 
other  hand,  methanol  or  ethylene  glycol  intoxication  can 
be  found  in  the  presence  of  only  a  trivial  increment  in  the 
osmolal  gap.  particularly  if  this  measurement  is  obtained 
many  hours  after  the  intoxication,  a  time  when  these  al- 
cohols might  have  been  largely  metabolized  to  their  toxic- 
byproducts.41  The  severity  of  the  acidemia  can  also  be 
helpful  in  distinguishing  among  the  many  diagnostic  pos- 
sibilities. Severe  acidemia  (pH  <  7.00)  is  most  common 
with  diabetic  ketoacidosis,  lactic  acidosis,  and  methanol  or 
ethylene  glycol  intoxication,  but  is  uncommon  with  other 
causes  of  metabolic  acidosis.27 

Measurement  of  Urine  Electrolytes  and  pH 

In  addition  to  the  5  steps  discussed  thus  far.  measure- 
ment of  urinary  electrolytes  and  pH.  and  calculation  of  the 
urinary  anion  or  osmolal  gap  can  provide  critical  informa- 
tion for  the  differential  diagnosis  of  metabolic  alkalosis 
and  normal  anion  gap  metabolic  acidosis.42  4S  By  contrast 
to  metabolic  acidosis,  the  electrolyte  profile  in  metabolic 
alkalosis  is  identical  in  all  tonus,  being  characterized  bj  a 
reciprocal  increase  in  bicarbonate  concentration  and  de- 
crease in  chloride  concentration. '"  '  Therefore,  serum  elec- 
trolytes are  of  no  value  in  the  differential  diagnosis  of  this 
disorder.  However,  measurement  of  urine  electrolytes,  par- 
ticularly chloride  and  sodium  concentrations,  can  be  a  \  alu- 
able  tool  in  the  differential  diagnosis  of  metabolic  alkalo- 
sis.46 On  the  basis  of  measurement  of  urine  chloride,  the 
metabolic  alkaloses  can  be  divided  into  chloride-respon- 
sive (low  urine  chloride  concentration.  <  20/mEq/I.i  and 
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chloride-resistanl  i high  m  ine  ( hloi  ide  ( oncentration,    •  20 
ml  q/1  i  forms   H  a  measuremenl  ol  urine  chloride  con- 
centration is  nol  iv. ulil>  available,  measuremenl  oi  urine 
\.i    along  with  thai  ol  urine  pll  can  provide  similar  in 
formation  to  allow  assignment  to  either  one  oi  these  cal 
egories  ol  metabolic  alkalosis  Thus,  all  patients  w  ith  chin 
ride  responsive  forms  ol  metabolic  . ilk. Mums  will  nol  onlj 
have  a  low  urine  chloride  concentration,  bul  usuall)  a  low 
urine  Na    concentration,  reflecting  a  sodium  and  chloride- 
avid  state.  \n  exception  to  this  rule  is  seen  in  individuals 
with  metabolic  alkalosis  due  to  vomiting  or  gastric  dram 
age  who  are  observed  during  the  "disequilibrium"  phase. 
In  this  earl)  phase  ol  vomiting  or  gastric  drainage,  urine 
Na     concentration  can  be  high.  hut.  if  so,  it  will  be  ac 
companied  b>  elevated  pll.  reflecting  the  increased  quan 
tines  oi  bicarbonate  appealing  in  the  urine.47  Of  course,  if 
renal  tubular  reabsorption  of  sodium  and  chloride  is  com- 
promised In  other  factors  (such  as  renal  tubular  damage, 
the  excretion  of  nonreabsorbable  anions,  or  osmotic  dune 
sis),  measuremenl  ol  urine  electrolyte  excretion  can  be 
misleading"  Determination  of  urine  electrolytes  can  also 
be  helpful  in  distinguishing  among  the  various  causes  of 
normal  anion  gap  metabolic  acidosis.  Low  urine  sodium 
and  potassium  concentrations  are  found  with  diarrhea,  high 
le\eK  ol  sodium  and  potassium  are  found  in  proximal  and 
distal  renal  tubular  acidoses,  and  high  sodium  and  low 
potassium  excretion  can  be  indicative  of  aldosterone  de- 
ficiency or  resistance.32-42-44 

Renal  and  extrarenal  disorders  can  cause  normal  anion 
gap  acidosis  Although  clinical  data  and  routine  laboratory 
studies  are  usually  sufficient  to  ascertain  the  cause  of  the 
acidosis,  estimation  of  the  urine  ammonium  excretion  can 
be  helpful  in  determining  if  impaired  renal  acid  excretion 
is  a  causative  factor:  urine  ammonium  excretion  is  gener- 
ally increased  4-5-fold  with  metabolic  acidosis  of  extra- 
renal origin. <:4S  Because  urine  ammonium  excretion  is  not 
casilv  measured  in  most  clinical  laboratories,  urine  elec- 
trolytes can  be  used  to  calculate  the  urine  anion  gap  (de- 
fined as  [Na*  I  +  [K'  I  -  |C1  ]).  which  grosslj  estimates 
urine  ammonium  excretion.'4  ls  '"  Requirements  for  its  use 
are  that  the  urine  does  not  contain  unusual  anions  (eg, 
ketone  bodies,  carbemcillm)  and  that  bicarbonate  excre- 
tion is  low  (urine  pH  <  6.5).  Ammonium  is  an  unmea- 
sured cation,  so  an  increase  in  its  excretion  as  NH.4C1  will 
cause  an  increase  in  the  urine  CI  excretion  and  a  negative 
value  for  the  urine  anion  gap:  that  is.  |(.'l  ]  exceeding  the 
sum  of  [Na  I  and  [K  '  |.  A  negative  urine  anion  gap  indi- 
cates that  the  urine  contains  substantial  quantities  of  am- 
monium and  is  evidence  against  an  impairment  in  ammo 
nium  excretion  as  the  major  factor  in  the  pathogenesis  of 
the  acidosis.  On  the  other  hand,  a  positive  value  in  the 
range  of  20-30  mric|/L  indicates  that  ammonium  excretion  is 
low  and  implicates  a  reduction  in  ammonium  excretion  as  an 
important  factor  in  the  production  of  metabolic  acidosis. 


Despite  adequate  quantities  "i  ammonium  being  present 
m  the  urine  a  positive  urine  anion  gap  can  he  s<.-cn  when 
there  is  increased  excretion  ol  unusual  unmeasured  anions 

such  as  beta  livdioxv  bulv  late  ami  accln.kclatc.  as  with  ketO 

acidosis,  oi  hippurate  with  toluene  intoxication 
These  anions  obligate  the  excretion  oi  sodium  and  potassium, 
producing  the  positive  anion  gap  l  ndei  these  circumstances, 
urine  ammonium  excretion  can  be  estimated  from  calculation 
of  the  urine  osmolal  gap.  The  urine  osmolal  gap  is  defined  a 

measured  osmolality  -  (2[Na     •  K    ] 

•  [urea  nitrogenJ/2.8  I  [glucose]/18)    <4i 

wherein  [urea  nitrogen]  and  [glucose]  are  measured  in 
mg/dl .  The  gap  between  the  measured  and  calculated  urine 
osmolality  should  primarily  reflect  excretion  ol  ammo 
nium  salts.  Importantly,  the  calculation  will  not  be  af- 
fected bv  urine  excretion  of  unusual  anions,  since  the)  w  ill 
be  accounted  for  by  the  accompanying  cations:  sodium, 
potassium,  and  ammonium.  An  appropriate  urine  osmolal 
gap  in  an  acidotic  patient  is  greater  than  1 50-200  mOsm/kg 
H^O.  whereas,  in  patients  with  low  ammonium  excretion. 
the  urine  osmolal  gap  is  usuall v  less  than  50-100  mOsm/kg 
H,0.444S,:  The  ammonium  excretion  is  one  half  of  the 
calculated  osmolal  gap.  the  residual  half  being  accounted 
for  by  the  accompanying  anions 

Finally,  measurement  of  urine  pH  in  individuals  with 
normal  anion  gap  metabolic  acidosis,  along  with  an  esti- 
mation of  urinary  ammonium  excretion,  can  aid  111  the 
detection  and/or  further  characterization  of  metabolic  ac- 
idosis resulting  from  defects  in  renal  acidification 
A  sample  of  urine  is  obtained  under  oil  for  measurement 
of  pH  and  ammonium  when  the  patient  is  acidemic.  If  the 
urine  pH  is  <  5.5,  bicarbonate  is  administered  until  the 
urine  becomes  alkaline  or  the  serum  bicarbonate  returns  to 
normal.  The  development  of  an  alkaline  urine  (pll  ■  6.5) 
prior  to  normalization  of  serum  bicarbonate  indicates  that 
proximal  renal  tubular  acidosis  is  present.  II  the  urine 
remains  acidic,  it  indicates  that  other  disorders,  such  as 
diarrhea,  might  underlie  the  acidosis.  If  urine  pll  is  high 
(>  6.0)  and  remains  relatively  constant  during  bicarbonate 
administration,  distal  renal  tubular  acidosis  is  present  Mea 
surement  of  urine  ammonium  or  estimation  ol  its  quantity 
(using  the  urine  anion  or  osmolal  gapi  can  help  differentiate 
between  those  nonrenal  disorders  in  which  ammonium  ex- 
cretion is  increased  and  those  forms  of  renal  acidosis,  such  as 
aldosterone  deficiency  or  resistance,  in  which  urine  pll  can 
be  variable  but  ammonium  excretion  is  decreased 

In  summary,  use  of  the  steps  outlined  in  fable  1  and 
discussed  111  some  detail  in  the  text  provides  a  rational 
approach  to  the  diagnosis  ol  acid-base  disorders  The  use 
of  these  principles  will  be  illustrated  in  the  following  case 
reports,  for  the  purposes  i^\  these  reports,  the  following 
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mean  normal  values  for  blood  acid-base  variables  were 
used:  pi  I  7.40.  hydrogen  ion  concentration  40  nEq/L.  Pa) , , 
40  mm  Hg,  serum  bicarbonate  concentration  24  mEq/L. 
and  serum  anion  gap  10  mEq/L. 


lustrative  Cases 


Case  1 


A  60-year-old  man  with  a  history  of  chronic  alcoholism 
was  admitted  to  the  hospital  with  a  history  of  abdominal 
pain  and  decreased  mental  status.  The  patient  had  a  long 
history  of  alcohol  ingestion  and  several  bouts  of  alcoholic 
hepatitis.  He  was  presently  receiving  no  medication.  Phys- 
ical examination  on  admission  revealed  blood  pressure  of 
130/80  mm  Hg  while  supine  and  upright.  His  pulse  was 
100  beats  per  minute  and  regular.  Respirations  were  26  per 
minute  and  unlabored.  The  chest  was  clear  to  auscultation 
and  percussion.  Cardiac  examination  revealed  no  murmurs 
or  gallops.  Examination  of  the  abdomen  revealed  a  slightly 
enlarged  liver  but  no  evidence  of  ascites.  Laboratory 
data  obtained  on  admission  revealed:  Na+  136  mEq/L,  K+ 
3.2  mEq/L.  HCO,  12  mEq/L.  CI  100  mEq/L,  BUN 
22  mg/dL.  creatinine  1.4  mg/dL.  glucose  100  mg/dL.  pH 
7.35,  and  PaCo  34  mm  Hg.  Serum  osmolality  was  320 
mOsm/kg  H20.  Urine  ketones  were  negative. 

At  first  perusal  of  the  data,  it  appears  the  patient  has  a 
mixed  acid-base  disturbance:  metabolic  acidosis  and  re- 
spiratory acidosis.  The  serum  bicarbonate  and  blood  pH 
were  both  reduced,  indicating  the  presence  of  metabolic 
acidosis.  The  Pato  is  inappropriately  high  for  the  degree 
of  hypobicarbonatemia,  indicating  that  an  element  of  re- 
spiratory acidosis  is  also  present. 

However,  a  check  of  the  internal  consistency  of  the  data 
revealed  that  the  measured  bicarbonate  concentration  is 
substantially  lower  than  the  value  calculated  from  the  pH 
and  Pa(  ,,  using  the  Henderson  or  Henderson-Hasselbalch 
equations. 

[H   1  =  24  XP.,n,  /HCO, 

Inserting  the  measured  and  calculated  values,  we  have 

45  =  24  x  34/HCOa 

And  HCO,     is  calculated  by 

24  ■  34/45  =  is  mEq/L 

Indeed,  a  repeat  measurement  of  serum  bicarbonate  con- 
centration revealed  a  value  of  17  mEq/L.  Despite  the  higher 
serum  bicarbonate  concentration,  the  patient  still  had  a 
high  anion  gap  metabolic  acidosis.  However,  the  Pl(-()   is 


now  appropriate  to  the  level  of  serum  bicarbonate,  indi- 
cating the  patient  has  a  simple  metabolic  acidosis.  Mea- 
surement of  serum  osmolality  by  freezing  point  depression 
had  revealed  an  osmolality  of  320  mOsm/kg  H,0.  sub- 
stantially higher  than  the  value  calculated  from  the  con- 
centrations of  sodium,  potassium,  urea,  and  glucose  lie. 
285  mOsm/kg  H:Ol.  A  disparity  of  this  degree  between 
the  measured  and  estimated  osmolality  indicates  that  an 
osmotically  active  particle  has  accumulated  in  the  blood. 
A  toxin  screen  of  the  blood  revealed  elevated  levels  o! 
methanol  consistent  with  methanol  intoxication.  Rapid  di- 
agnosis of  this  entity  is  essential,  as  death  can  ensue  rap- 
idly. The  patient  was  treated  with  an  alcohol  infusion  to 
lessen  the  metabolism  of  methanol  to  its  toxic  byproducts, 
and  with  dialysis  to  remove  the  methanol.  He  made  a  rapid 
recovery. 

This  case  illustrates  the  importance  of  establishing  the 
internal  consistency  of  the  acid-base  data  before  making  a 
diagnosis  of  the  acid-base  disorder! si  present. 

Case  2 

A  thin.  42-year-old  woman  is  seen  in  the  clinic  com- 
plaining of  muscle  cramps  and  weakness.  She  denied  ab- 
dominal pain,  nausea,  or  vomiting.  She  reported  taking  no 
medication.  Physical  examination  revealed  a  blood  pics 
sure  of  1 20/80  mm/Hg  while  supine  and  upright,  pulse  w  as 
65  beats  per  minute,  and  respirations  were  12  per  minute 
and  unlabored.  The  rest  of  the  physical  examination  was 
unremarkable  except  for  a  short  systolic  murmur  at  the 
apex.  Laboratory  data  revealed:  Na*  140  mEq/L.  K'  2.5 
mEq/L.  CI"  94  mEq/L.  HCO,"  32  mEq/L.  BUN  18  mg/dL. 
creatinine  0.9  mg/dL,  pH  7.49.  PaCO  44  mm  Hg.  Urine 
electrolytes:  Na+  40  mEq/L.  CI    60  mEq/L.  pH  6.0. 

The  elevated  plasma  bicarbonate  concentration  and  blood 
pH  signify  the  presence  of  metabolic  alkalosis.  The  P,,r() 
is  appropriately  elevated  for  this  degree  of  hy  perbicarbon- 
atemia  (change  in  Paco  of  0.5  X  change  in  bicarbonate), 
indicating  the  development  of  appropriate  respiratory  ad- 
aptation. Although  the  serum  anion  gap  is  slightly  elevated 
(a  delta  anion  gap  of  4  mEq/L).  this  slight  increment  prob- 
ably docs  not  reflect  a  coexisting  high  anion  gap  metabolic 
acidosis.  A  small  increase  in  the  anion  gap  (not  exceeding 
(1  mEq/L)  is  observed  in  patients  with  moderate  to  severe 
metabolic  alkalosis.  The  cause  of  the  metabolic  alkalosis  is 
not  immediately  obvious,  since  the  patient  denied  taking 
any  medications  isuch  as  diuretics).  Urine  chloride  and 
sodium  were  both  elevated,  excluding  surreptitious  vom- 
iting and  other  forms  of  chloride-responsive  metabolic  al- 
kalosis. The  elevated  urine  chloride  concentration  is  con- 
sistent with  chloride-resistant  metabolic  alkalosis.  The 
patient  did  not  have  an  elevated  blood  pressure,  a  clinical 
finding  that  would  appear  to  exclude  most  mineralocorti 
coid-excess  syndromes.  Diuretic  administration  could  pro- 
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duce  this  picture  Diuretic  administration  is  general!) 
though)  to  produce  a  chloride  responsive  form  ol  meta 
bolic  alkalosis;  indeed,  correction  ol  the  alkalosis  can  be 
easil)  achieved  by  administration  ol  sodium  01  potassium 
chloride  aftei  discontinuation  ol  the  diuretic  However, 
these  patients  can  have  low  01  ln;jh  urine  chloride  and 
sodium  concentrations  depending  on  how  soon  mine  elec- 
trolytes are  measured  aftei  diuretic  administration  Hov. 
ever,  this  diagnosis  was  essentially  excluded  b)  a  negative 
screen  foi  diuretics.  The  serum  potassium  concentration 
u.is  substantiall]  reduced,  hut  nol  to  the  degree  to  produce 
metabolic  alkalosis  by  itself.  Bartter's  or  Gitelman's  syn 
drome,  two  disorders  associated  with  mutations  in  the  Na 
k  -2CI  and  thiazide-sensitive  Na  CI  cotransporter,  re- 
spectively, could  account  for  this  clinical  picture.  Indeed, 
analysis  of  relatives  revealed  other  indi\  iduals  with  a  sim- 
ilar picture,  and  genetic  analysis  revealed  evidence  ol  a 
mutation  in  the  Na  -CI  cotransporter.  suggestive  of  Gitel- 
man's syndrome.  This  case  illustrates  the  utility  of  urine 
electrolyte  measurements  in  the  evaluation  of  metabolic 
alkalosis 

Case  3 

A  40-year-old  woman  with  a  history  of  sarcoidosis  was 
seen  in  the  emergency  room  w  ith  nausea,  vomiting,  and 
abdominal  pain  several  days  after  developing  a  sore  throat 
and  lever.  Physical  examination  on  admission  revealed  the 
blood  pressure  to  he  135/60  mm  Hg  while  supine  and 
upright.  PuKe  was  1  10  heats  per  minute,  respirations  were 
22  per  minute,  ami  temperature  was  39.5°  C.  The  chest 
was  clear  to  percussion  and  auscultation.  There  were  no 
murmurs  or  gallops.  Laboratory  data  included:  Na  '  140 
mEq/L.  K  3.9  mEq/L.  HCO,  10mEq/L.  CI  105  mEq/L. 
pH  7.14.  P,(n  30  mm  Hg.  glucose  600  mg/dL.  BUN  9 
mg/dL.  creatinine  1 .6  mg/dL.  and  urine  and  blood  ketones 
were  both  positive.  Microscopic  examination  of  the  urine 
was  negative.  The  patient  was  admitted  to  the  intensive 
care  unit  and  given  insulin  and  normal  saline,  but  no  has,.' 
replacement.  Two  days  later,  repeat  electrolytes  revealed: 
Na  135  mEq/L,  K  3.9  mEq/L.  1  ICO,  12  mEq/L.  (I 
1 14  mEq/L,  pH  7.25,  PaCO  2x  mm  Hg,  glucose  600  mg/ 
dL.  BUN  9  mg/dL.  creatinine  1.3  mg/dL.  and  urine  and 
blood  ketones  were  both  slight!)  positive. 

The  initial  acid-base  values  are  consistent  with  a  com- 
bination of  metabolic  and  respirator)  acidosis.  Roth  the 
blood  pH  and  serum  bicarbonate  concentration  are  reduced. 
indicative  of  metabolic  acidosis.  The  PaCO  is  inappropri- 
ately elevated  lor  the  magnitude  of  the  hypobicarbonatemia, 
indicating  this  patient  also  has  some  degree  of  respirator) 
acidosis,  (liven  a  serum  bicarbonate  concentration  of  10 
mEq/L,  a  change  of  14  mEq/L.  one  would  anticipate  the 
P  ,  ,,  should  have  decreased  by  14  -IS  mm  Hg.  to  22  26 
mm  Hg.  In  fact,  the  I',,,,  was  substantial!)  higher,  indi 


eating  thai  some  othei  process  was  attenuating  ventilation. 

thereb)  preventing  the  expression  ol  the  approprial 
spirator)  response  to  metabolic  acidosis  \  chesl  radio 
graph  revealed  bilateral  pneumonia  Examination  o!  the 
serum  electrolytes  and  calculation  ol  the  ratio  ol  the  delta 
anion  gap  to  delta  bicarbonate  indicates  thai  a  high  anion 
gap  metabolic  acidosis  is  primaril)  present,  since  ti 
in  anion  gap  i  15  mEq/L)  and  change  in  serum  bicarbonate 
concentration  il4  mEq/L i  were  virtually  ideniu.il  In  di- 
abetic ketoacidosis  the  delta  anion  gap/delta  bicarbonate 
approximates  one.  However,  aftei  two  days  ol  treatment 
the  acidosis  has  been  converted  into  a  normal  anion  gap 
(hyperchloremic)  metabolic  acidosis,  since  serum  bicar- 
bonate rose  only  slightly  I  2  mEq/L),  hut  the  anion  gap  fell 
to  normal  il»  mLq/Ll  A  normal  anion  gap  metabolic  aci- 
dosis is  not  uncommon  at  the  lime  of  presentation  ol  di- 
abetic ketoacidosis  and  becomes  more  prevalent  during 
the  course  of  treatment  with  insulin  and  normal  saline 
Since  the  latter  form  ol  metabolic  acidosis  will  nol  correct 
rapidly  and  might  require  administration  ol  base,  n  is  es- 
sential to  detail  the  exact  nature  of  the  metabolic  acidosis 
present  in  patients  with  presumed  diabetic  ketoacidosis. 
This  case  highlights  the  importance  ol  calculating  the  se- 
rum anion  gap  in  all  patients  with  acid-base  disorders. 

Case  4 

A  66-year-old  man  with  a  history  of  chronic  obstructive 
lung  disease  for  many  years  was  seen  in  the  clinic  com- 
plaining of  increasing  shortness  of  breath  and  swelling  in 
his  feet.  Chest  examination  revealed  diminished  breath 
sounds  and  diffuse  wheezing.  There  was  2  -  to  ;  -  pretibial 
edema.  Laboratory  data  were  as  follows  \.i  136  mEq/L. 
HCO,  28  mEq/L,  K  '  4.0  mEq/L.  CI  96  mEq/L,  pH  7.26. 
Paco  (l^  mm  Hg,  am'  arterial  partial  pressure  of  oxygen  60 
mm  Hg  (on  room  air). 

A  diagnosis  of  acute  exacerbation  of  lung  disease  and 
right-sided  heart  failure  was  made,  and  he  was  prescribed 
a  low  salt  diet,  diuretics,  steroids,  and  antibiotics  He  was 
asked  to  return  to  the  clinic  in  2  days  for  reevaluation. 
Physical  examination  on  the  next  visit  revealed  blood  pres- 
sure 130/80  mm  Hg  while  supine  and  upright,  pulse  100 
beats  per  minute,  respirations  14  per  minute,  and  temper- 
ature 37. ():  C.  Examination  of  the  chest  revealed  bilateral 
wheezes.  Examination  of  the  heart  showed  an  S,  gallop  at 
the  apex.  Examination  of  the  extremities  revealed  I  - 
pretibial  and  pedal  edema.  Laboratory  data  were  as  fol- 
lows: Na  I  JO  mEq/L,  HCO,  .  34  mEq/L,  K  3  0  mEq/L, 
CI  86  mEq/L,  pH  7.40,  PaCO  56  mm  Hg.  and  arterial 
partial  pressure  of  oxygen  ~2  mm  Hg  (on  room  ait  I 

The  initial  set  k^\  acid-base  values  is  consistent  with 
either  acute  respirator)  acidosis  superimposed  upon  chronic 
respirator)  acidosis  or  the  combination  of  chronic  respi- 
rator)  acidosis  and  metabolic  acidosis    \\  nh  acute  respi- 
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rator)  acidosis,  for  every  acute  increase  ofPa,  ,,  of  10  mm 
I  [g,  serum  bicarbonate  concentration  increases  by  1  mEq/L. 
B\  contrast,  with  chronic  respiratory  acidosis,  for  every 
chronic  increase  ofPa(  ,  >  of  10  mm  Hg,  serum  bicarbonate 
concentration  increases  by  3 — I  mEq/L.  In  the  chronic  set- 
ting, the  increase  in  serum  bicarbonate  is  caused  both  by 
titration  of  nonhicarbonate  buffers  and  stimulation  of  net 
acid  excretion  by  the  kidney.  The  acute  adaptation  is  com- 
plete within  minutes,  whereas  the  chronic  adaptation  takes 
3-5  days  before  it  reaches  completion.  An  individual  who 
chronically  maintained  a  PaCO  of  64  mm  Hg  would  be 
expected  to  have  a  serum  bicarbonate  concentration  of 
approximately  31-33  mEq/L.  In  this  patient,  the  increase 
in  serum  bicarbonate  and  hydrogen  ion  concentration  is 
less  than  expected  tor  someone  with  a  chronic  PaCO  level 
of  64  mm  Hg.  There  was  no  history  to  suggest  any  causes 
of  metabolic  acidosis,  and  other  laboratory  studies  ex- 
cluded any  element  of  metabolic  acidosis.  Subsequent  re- 
view of  previous  medical  records  indicated  that  the  patient 
usually  maintained  a  PaCO,  of  approximately  50  mm  Hg; 
thus,  it  is  likely  the  patient  has  acute  respiratory  acidosis 
superimposed  upon  chronic  respiratory  acidosis. 

The  second  set  of  acid-base  values  is  consistent  with  the 
combined  presence  of  chronic  respiratory  acidosis  and  met- 
abolic alkalosis.  The  normal  blood  pH  is  an  important  clue 
to  the  coexistence  of  two  primary  acid-base  disturbances: 
with  the  exception  of  mild  respiratory  alkalosis,  single 
primary  acid-base  disturbances  are  associated  with  an  ab- 
normal blood  pH.  In  this  instance,  respiratory  acidosis  and 
metabolic  alkalosis  had  divergent  effects  on  blood  acidity, 
resulting  in  a  normal  blood  pH.  The  serum  bicarbonate  is 
higher  than  anticipated  for  an  individual  with  a  chronic 
PaCO,  °f  56  mm  Hg,  indicating  the  coexistence  of  meta- 
bolic alkalosis.  The  metabolic  alkalosis  in  this  patient  was 
produced  largely  by  the  administration  of  diuretics  and  a 
low  salt  diet  given  for  the  treatment  of  right-sided  heart 
failure.  Although  the  development  of  metabolic  alkalosis 
might  have  been  expected  to  suppress  ventilation,  thereby 
resulting  in  a  further  increase  in  P.lC()..  the  treatment  of  the 
lung  disease  with  antibiotics  and  steroids  and  treatment  of 
the  congestive  heart  failure  with  diuretics  actually  led  to 
some  slight  improvement  in  pulmonary  function  and  there- 
fore a  decrease  in  P.,r(, 

Case  5 

A  45-year-old  alcoholic  man  was  admitted  to  the  hos- 
pital because  of  an  alteration  in  mental  status  and  increased 
abdominal  girth.  Medications  on  admission  included  furo- 
semide  and  spironolactone.  Physical  examination  revealed 
a  cachectic  and  icteric  man  who  was  extremely  lethargic. 
Mood  pressure  was  100/60  mm  Hg  while  supine  and  80/50 
mm  Hg  while  upright.  Pulse  was  90  beats  per  minute  and 
regular.  Respirations  were  22  per  minute.  The  lungs  were 


clear  to  auscultation  and  percussion.  Examination  of  the 
heart  revealed  no  murmurs  or  gallops.  The  abdomen  was 
protuberant,  and  there  was  e\  idence  of  ascites  as  mani- 
fested by  a  fluid  wave.  There  was  1  +  pretibial  edema. 
Laboratory  data  on  admission  revealed:  Na+  126  mEq/L. 
K+  3.0  mEq/L,  HCO,  22  mEq/L.  CL  80  mEq/L.  BUN  10 
mg/dL.  creatinine  0.9  mg/dL.  bilirubin  16  mg/dL.  albumin 
2.5  g/dL,  serum  glutamic-oxaloacetic  transaminase  ( SOOT) 
150  international  units.  pH  7.45,  and  Pa)  ,,   32  mm  Hg. 

At  first  glance,  the  acid-base  values  are  consistent  with 
chronic  hypocapnia  (chronic  respiratory  alkalosis),  since 
mild  hypobicarbonatemia  and  hypocapnia  are  present  ami 
blood  pH  is  slightly  elevated.  Indeed,  chrome  hypocapnia 
is  common  in  patients  with  decompensated  liver  disease. 
Calculation  of  the  serum  anion  gap,  however,  revealed  it 
to  be  elevated  to  24  mEq/L.  a  change  not  typically  ob- 
served with  respiratory  alkalosis,  but  indicative  of  meta- 
bolic acidosis.  Furthermore,  addition  of  the  delta  anion 
gap  of  14  mEq/L  to  the  prevailing  serum  bicarbonate  con- 
centration of  22  mEq/L  revealed  that  the  patient's  serum 
bicarbonate  had  been  36  mEq/L.  The  metabolic  alkalosis 
was  presumably  the  consequence  of  diuretic  administra- 
tion. Therefore,  this  patient  had  both  metabolic  alkalosis 
and  high  anion  gap  metabolic  acidosis.  Perusal  of  the  se- 
rum electrolytes  alone,  without  calculating  the  serum  an- 
ion gap,  would  have  failed  to  detect  this  complex  acid- 
base  disturbance.  This  case  illustrates  the  importance  of 
calculating  the  serum  anion  gap  in  every  acid-base  disor- 
der presented  to  the  physician.  Examination  of  the  P.,,0. 
relative  to  the  prevailing  bicarbonate  concentration  of  22 
mEq/L  revealed  hyperventilation  in  excess  of  the  normal 
adaptive  response  to  metabolic  acidosis,  indicative  of  a 
coexisting  respiratory  alkalosis.  Thus,  this  patient  had  a 
triple  acid-base  disturbance.  Triple  acid-base  disturbances 
are  common  in  seriously  ill  patients,  particularly  those 
with  chronic  liver  disease. 
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Fluid,  Electrolyte,  and  Acid-Base  Physi- 
ology: A  Problem-Based  Approach.  3rd 

edition.  Mitchell  L  Halperin  Ml)  and  Marc 
B  Goldstein  MI).  Philadelphia:  VYB  Saun- 
ders. 1999.  Soft-cover,  illustrated,  532 
pages,  $59.95. 

The  authors  grouped  this  book's  contents 
into  4  major  sections,  starting  off  with  acid- 
base,  then  sodium  and  water,  then  potas- 
sium, and  concluding  with  hyperglycemia. 
In  addition,  the  book  includes  a  separate 
tabic  of  contents  listing  the  case  studies  and 
flow  charts.  Unfortunately,  the  section  on 
electrolyte  is  limited  to  sodium  and  potas- 
sium only. 

The  section  on  acid-base  consists  of  5 
chapters,  covering  principles  of  acid-base 
physiology,  clinical  approach  to  acid-base, 
metabolic  acidosis,  metabolic  alkalosis,  and 
respiratory  acid-base  disturbances.  The  sec- 
tion on  sodium  and  water  covers  sodium 
and  water  physiology,  hyponatremia,  and 
hypernatremia.  The  section  on  potassium 
contains  chapters  on  potassium  physiology, 
hypokalemia,  and  hyperkalemia  The  sec- 
tion on  hyperglycemia  covers  solely  hyper- 
glycemia. Each  chapter  is  preceded  by  its 
table  of  contents  for  easy  exploration  of  a 
specific  topic.  The  chapter  begins  with  a  list 
of  objectives,  an  outline  of  major  princi- 
ples, and  an  introductory  case,  which  is  dis- 
cussed in  detail  at  the  end  of  the  chapter, 
with  questions  and  answers.  Each  chapter 
provides  the  basic  physiology  and  biochem- 
ical reactions,  followed  by  clinical  approach 
or  diagnostic  studies,  specific  disorders  or 
etiologies,  treatment,  and  illustrations  of 
cases  with  pertinent  questions  and  answers. 
The  authors  include  a  list  of  suggested  read- 
ings under  specific  topics  and  an  index  at 
the  end  of  the  book. 

This  book  is  directed  at  several  levels  of 
readership:  those  faced  with  an  emergency, 
those  who  are  looking  for  a  quick  review, 
those  facing  a  clinical  challenge,  and  those 
who  wish  to  become  experts.  However,  be- 
cause of  the  extensive  background  in  basic 
science,  this  book  is  appropriately  directed 
to  physicians,  physicians-in-training,  and 
medical  students. 

This  book  aims  to  bring  the  basic  science 
concepts  of  3  interrelated  areas  dluid.  elec- 


trolyte, and  acid  base  ph\siolog\  )  to  the  bed- 
side as  seen  in  the  day-to-day  practice  of 
medicine.  The  authors  highlight  these  con- 
cepts with  numerous  How  charts,  figures, 
and  case  studies.  This  book  is  very  practical 
from  the  standpoint  of  a  "problem-based  ap- 
proach.'' In  addition,  it  is  up  to  date,  with 
discussions  of  mechanisms  operating  at  the 
subcellular  level. 

On  the  whole,  the  book  is  a  tremendous 
success.  Its  strength  lies  in  the  understand- 
ing at  the  basic  science  level  and  its  direct 
application  at  the  bedside,  with  lists  of  pos- 
sible etiologies,  clinical  approach,  and  treat- 
ment. At  the  end  of  each  chapter,  problem- 
oriented  case  illustrations  serve  to  highlight 
the  important  points  discussed  and  the  ex- 
perience of  the  authors.  Each  chapter  is  very 
well  written  and  important  principles  are 
highlighted  in  shaded  boxes.  By  and  large 
the  references  are  current,  but  with  reten- 
tion of  classic  articles. 

The  difficulty  I  have  with  this  book  is  the 
extensive  use  of  abbreviations.  Interpreting 
the  abbreviations  is  a  daunting  task  for  a 
reader  who  wishes  only  to  review  the  prob- 
lem-oriented cases,  because  the  reader  must 
scan  through  the  preceding  pages  to  deci- 
pher the  abbreviations,  some  of  which  can- 
not be  easily  inferred:  for  example.  "NAE" 
for  "net  acid  excretion"  and  "NHE"  for  "so- 
dium hydrogen  exchanger."  It  would  be  very 
helpful  if  the  authors  would  provide  a  list 
of  abbreviations  in  an  appendix,  for  easj 
reference. 

In  summary,  the  authors  have  achieved 
their  goal  of  bringing  basic  science  con- 
cepts to  bedside  application.  They  have  pro- 
vided a  practical  approach  in  the  manage- 
ment of  patients  with  acid-base  disorders 
and  fluid,  sodium,  and  potassium  distur- 
bances. This  book  can  be  used  as  a  refer- 
ence for  clinicians — at  all  levels  of  experi- 
ence— taking  care  of  patients  in  emergency 
rooms,  intensive  care  units,  medical,  or  sur- 
gical inpatient  areas. 

Catherine  SH  Sassoon  Ml) 

Pulmonary  and  Critical  Cue  Section 

Department  of  Medicine. 

University  of  California,  Irvine 

Veterans  Affairs  1  ong  Beach  Health 

Care  System 

Long  Beach,  California 


Handbook  of  Fluid,  Electrolyte,  and 

Acid-Base  Imbalances  Joyce  LeFever  Kee 
RN  MS  and  Betty  J  Paulanka  RN  EdD. 
Albany,  New  York:  Delmar  Publishers. 
2000.  Softcover,  illustrated.  320  pages. 
$26.95. 

This  paperback  was  developed  from  a 
parent  text.  Fluids  and  Electrolytes  with 
Clinical  Applications:  A  Programmed  .  l/> 

proach,  and  according  to  the  authors  is  de- 
signed to  be  used  either  with  the  parent  text 
or  as  a  stand-alone  resource.  The  book  is 
designed  for  use  by  all  clinicians  and  con- 
tains numerous  diagrams  and  tables  in  sup- 
port of  (and  as  a  summary  of)  the  material 
being  presented.  The  book  is  organized  into 
5  units  composed  of  19  chapters. 

Unit  I  discusses  the  influence  of  fluids 
on  the  body.  The  factors  that  control  the 
retention,  elimination,  and  mm  ement  of  flu- 
ids across  membranes  are  presented.  Sepa- 
rate chapters  are  dedicated  to  extracellular 
fluid  volume  deficit,  extracellular  fluid  vol- 
ume excess,  extracellular  fluid  volume  shift, 
and  intracellular  fluid  volume  excess.  Each 
of  these  topics  is  addressed  from  the  stand- 
points of  pathophysiology,  etiology,  clini- 
cal manifestations,  clinical  management, 
and  client  management 

Unit  II  covers  electrolytes  and  their  ef- 
fects on  the  body.  Potassium,  sodium,  chlo- 
ride, calcium,  magnesium,  and  phosphorus 
are  discussed.  Each  are  presented  using  the 
discussion  template  of  pathophysiology  .eti- 
ology, clinical  manifestations,  clinical  man- 
agement, and  client  management.  Tables  are 
used  extensively  to  organize  pertinent  in- 
formation. 

Unit  III  deals  vv  ith  acid-base  balance  and 
imbalance.  The  regulatory  mechanisms  that 
control  pH.  including  compensation  and  cor- 
rection, are  discussed.  The  common  respi- 
ratory and  metabolic  disturbances  are  then 
discussed  again,  using  pathophysiology, 
etiology,  clinical  manifestations,  clinical 
management,  and  client  management  as  the 
format. 

Unit  IV  cm ers  intravenous  therapy.  Ba- 
sic classification  of  intravenous  solutions 
and  the  various  types  of  fluids  lor  intrave- 
nous administration  ,ue  discussed  prior  to 
the  presentation  ol  intravenous  administra- 
tion and  total  parenteral  nutrition   The  pur- 
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poseol  intravenous  therap)  calculations  foi 
intravenous  infusion,  and  possible  compli- 
cations are  among  the  topics  discussed  (  h 
cut  management,  including  assessment,  tli 
agnoses,  interventions,  and  evaluation  and 
outcomes,  are  also  presented. 

Unit  V  deals  with  fluid  electrolyte,  and 
acid-base  imbalances  in  cluneal  situations 
I  napters  related  to  at  ute  disorders  (trauma 
and  shock),  gastrointestinal  surgical  inter 
ventions  and  chronic  diseases  such  as  heart 
failure,  diabetic  ketoacidosis,  and  chronic 
obstructive  pulmonary  disease  are  included. 
The  ilmd  problems  ol  infants,  children,  and 
older  adults  are  also  addressed. 

The  7  appendixes  address  and/or  list  clin- 
ical pathways  lor  congestive  heart  failure 
and  children  with  iliml  and  electrolyte  im- 
balances; summary  ol  acid-base  imbalanc- 
es; clinical  problems  associated  with  tluid 
imbalances;  clinical  problems  associated 
with  electrolyte  imbalances:  l'ix>ds  rich  in 
potassium,  sodium,  calcium,  magnesium, 
chloride,  and  phosphorous;  and  common 
laboratory  tests  and  values  for  adults  and 
children. 

In  general.  I  found  this  paperback  easy  to 
read,  with  a  pleasant  appearance  and  nu- 
merous reference  tables  that  summarized  the 
material  being  discussed.  Each  of  the  con- 
cepts is  presented  clearly  and  concisely,  and 
although  most  explanations  are  adequate, 
some  require  prior  exposure  to  the  topic. 
For  example,  the  discussion  in  Unit  111  of 
the  regulatory  mechanisms  of  pH  control 
introduces  the  concept  of  buffer  systems  as 
"those  that  maintain  the  acid-base  balance 
of  body  fluids  by  protecting  the  fluids  against 
changes  in  pH."  There  are  specific  exam- 
ples of  the  major  body  buffers,  along  with 
their  chemical  action  listed  in  the  accompa- 
nying table  (U3— 2),  but  one  would  need  a 
prior  understanding  of  how  buffers  work  in 
order  to  appreciate  the  description  provided. 
I  think  those  clinicians  who  might  purchase 
this  text  (eg.  physicians,  respirators  thera- 
pists, and  nurses i  would  have  the  necessary 
background,  but  I  question  the  authors'  as- 
sertion that  the  hook  can  be  used  as  a  stand- 
alone product. 

The  specific  topics  selected  and  the  or- 
ganization of  material  are  appropriate  and 
logically  sequenced.  Several  topic  discus- 
sions and  accompanying  figures,  however, 
are  somewhat  confusing.  For  example,  m 
an  effort  to  simplify  the  concept  of  the  fac- 
tors that  influence  the  movement  oi  fluids 
across  membranes,  the  authors  have  mis- 
stated thai  concept   In  Unit  I.  in  the  discus 


sum  ol  fluid  pressures  (Starling's  law  |,  ii  is 
si.iieililiai  because  there  is  a  hydrostatic  pres 
sure  gradient  in  the  arteriolat  end  ol  ai  ap 
ill.il>  in  the  direction  ol  the  inieisim.il  space, 
then  fluid  will  move  out  ol  the  capillar)  it 
is  further  stated  that,  because  there  is  a 
plasma  colloid  osmotic  pressure  gradient  in 
the  direction  ol  the  venulai  end  ol  the  cap 
ill.uy.  then  fluid  will  move  from  the  tissues 
into  the  capillar  Starling's  law  states  that 
it  is  the  net  of  these  4  forces  workin 
gether  at  anj  point  in  the  capillar)  bed  sys- 
tem that  determines  whether  or  not  we  have 
net  fluid  movement  in  or  out  ot  a  particular 
fluid  compartment.  In  other  words,  il  the 
net  difference  between  the  hydrostatic  pics 
SUres  m  the  capillary  and  tissue  and  the  col- 
loid osmotic  pressures  in  the  capillar)  and 
tissue  is  positive,  then  tluid  will  move  out 
of  the  capillar),  and  if  il  is  negative,  then 
tluid  will  move  in.  I  also  found  the  accom- 
panying figure.  Ul-2.  to  be  confusing. 

In  I'nit  I.  Chapter  2.  under  the  heading 
"Pathophysiology."  the  reader  is  referred  to 
Figure  2—1,  which  is  supposed  to  differen- 
tiate between  iso-ostnolar  and  hypo-osmo- 
lar  fluid  volume  excess.  Both  illustrations 
in  this  figure  are  labeled  as  "Normal  fluid 
percent  of  bod)  weight"  and  make  no  ref- 
erence to  which  is  iso-osmolar  and  which  is 
hypo-osmolar. 

In  Unit  11.  Figure  U2-1  illustrates,  bv  use 
of  bar  graphs,  the  relative  amounts  of  an- 
ions and  cations  present  in  both  extracellu- 
lar and  intracellular  fluid  compartments.  The 
relative  size  of  the  bar  graph  compartments 
is  not  reflective  of  the  relative  concentration 
of  some  of  the  electrolytes.  Specifically,  ex- 
tracellular fluid  bicarbonate  and  phosphate 
concentrations  are  illustrated  as  being  of 
equal  concentration,  but  hav  e  concentrations 
of  27  mEq/L  and  2  mEq/L,  respective!) 
Similarly,  the  intracellular  fluid  chloride 
concentration  is  illustrated  on  the  bar  graph 
as  being  greater  than  the  bicarbonate  con- 
centration, although  the  stated  concentra- 
tions are  1  mEq/L  and  10  mEq/L.  respec- 
tive!). 

In  Unit  II.  Table  6-3.  which  summarizes 
chloride  and  its  functions,  stales  thai  "the 
kidneys  excrete  the  anion  chloride  or  bicar 
bonale.  and  sodium  reabsorbs  either  chlo- 
ride or  bicarbonate  to  maintain  the  acid- 
base  balance."  The  reabsorption  of  sodium 
in  the  kidnev  is  accompanied  bv  both  chlo- 
ride and  bicarbonate  ion.  The  mechanism 
by  which  each  is  reabsorbed  is  different. 
dependent  on  concentration,  ami  m  general 
responds  lo  electrolyte  imbalance   in   the 


u>dv  Sodium  ol  course  docs  noi  reabsorb 
eiihei  oi  these  ions  but  does  accompan)  them 
as  the)  enter  peritubulat  plasma 

l  he  alvove  criticisms  should  no)  detract 

from  the  fad  that  this  is  a  vei>  well  written 

reference  text  with  man)  valuable  tables  that 
summarize  the  material  discussed  Each 
chaptei  is  organized  to  assisi  the  reader  in 
cluneal  application  ol  the  material  The  ref- 
erences  are  extensive  and  current,  and  the 
index   is  quite  detailed  and  accurate    I  do 

leel  that  this  is  a  useful  cluneal  reference 
text  that  could  he-  carried  in  a  lab  coat  il  one 
desired,  but  in  an)  case  would  be  uselul  on 
a  dailv  basis.  I  would  lecommcnd  it  as  an 
addition  to  one's  library. 

Joseph  Morfd  MS  RRT 

Department  of  Cardiorespiratory  Sciences 

College  of  Health  Professions 

State  Universit)  of  New  York 

Upstate  Medical  University 

Syracuse,  New  York 


Hyperbaric  Medicine  Practice.  2nd  edi- 
tion. Eric  P  Kindwall  Ml)  and  Harry  T 
Whelan  MD.  editors.  Flagstaff.  Arizona: 
Best  Publishing.  1999.  Hardcover,  illus- 
trated. 950  pages.  $128. 

Hyperbaric  Medicine  Practice  is  now 

available  in  its  second  edition.  This  book. 
extensivel)  revised  from  the  initial  1994  edi- 
tion, provides  a  comprehensive  summary'  of 
an  entire  medical  special!).  Though  the  in- 
tended readership  is  undoubtedly  those  who 
actively  practice  hyperbaric  medicine,  it  will 
also  serve  as  a  useful  reference  to  those 
who  refer  patients  for  hyperbaric  o.xvlvh 
therapy  or  have  hyperbaric  treatment  cen- 
ters within  their  medical  institutions 

In  essence,  the  book  represents  a  primary 
textbook  of  hyperbaric  medicine.  It  is  di- 
vided  into  3  sections.  Section  I  (432  pages  I 
provides  background  to  the  field.  It  begins 
w  ah  the  history  ol  h>  perbaric  medicine,  trac- 
ing its  roots  back  lo  compressed  air  therap) 
in  the  19th  century.  The  physics  ol  diving 
and  hyperbaric  pressure  are  next  reviewed, 
along  with  the  physiologic  and  toxic  effects 
of  hyperbaric  oxygenation.  The  remainder 
of  Section  I  addresses  general  clinical  as 
peels  ol  hyperbaric  oxygen  deliver).  Indi- 
vidual chapters  discuss  topics  including  pa- 
tient selection,  tvpes  of  hyperbaric 
chambers,  economics  of  hyperbaric  medi- 
cine, management  oi  pediatric  and  criticaU) 
ill  patients,  and  hyperbaric  nursing. 
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Section  II  (437  pages)  is  composed  oi 
chapters  thai  individual!)  review  the  use  of 
hyperbaric  oxygen  therapy  for  each  of  the 
I  I  conditions  approved  in  the  Undersea  and 
Hyperbaric  Medical  Society  (UHMS)  for 
treatment  Each  provides  a  review  of  the 
physiology  of  the  disease,  rationale  for  use 
Hi  oxygen  therapy,  a  summary  of  available 
animal  and/or  clinical  studies,  ami  treatment 
protocols.  In  man)  instances,  didactic  case 
presentations  are  included.  Notably,  the 
chapters  are  written  by  authors  who  are  rec- 
ognized experts  in  the  hyperbaric  treatment 
of  the  various  conditions.  In  many  cases 
the)  are  individuals  w  ho  performed  pioneer- 
ing work  on  particular  conditions,  in  some 
cases  leading  to  formal  UHMS  approval  for 
treatment 

Section  III  (67  pages)  contains  chapters 
on  6  conditions  not  approved  by  the  UHMS 
for  hyperbaric  treatment,  termed  in  this  book 
"Investigational  Areas."  Examples  of  these 
include  acute  myocardial  infarction,  femo- 
ral head  necrosis,  and  ileus.  It  is  to  the  ed- 
itors' credit  that  they  clearly  distinguish 
these  conditions  from  those  that  are  ap- 
proved  for  treatment,  seeking  to  provide  the 
reader  information  about  nonapproved  treat- 
ments without  endorsing  them  for  therapy. 
In  this  regard,  it  would  be  appropriate  if  the 
chapter  on  the  use  of  hyperbaric  oxygen  in 
the  management  of  fungal  disease  were 
moved  from  Section  II  to  Section  III,  as  hy- 
perbaric treatment  of  such  conditions  is  gen- 
erally considered  investigational  at  this  time. 

Physically,  the  book  is  well  done.  It  is 
well  organized  and  illustrated  throughout, 
including  color  photographs  of  various  types 
of  hyperbaric  chambers  on  the  cover.  Fig- 
ures, tables,  and  photographs  are  appropri- 
ately included  in  the  text.  Referencing  is 
both  comprehensive  and  current  for  each 
topic  reviewed.  The  index  is  adequate  but 
could  be  improved  with  better  organization 
and  would  also  be  more  easily  readable  if 
the  terms  were  not  italicized. 

This  hook  should  he  considered  a  basic 
textbook  of  hyperbaric  medicine  and  a  stan- 
dard reference  for  anyone  in  the  field.  Un- 
dersea and  Hyperbaric  Medicine  was  ap- 
proved by  the  American  Board  of  Medical 
Specialties  as  an  official  United  States  med- 
ical specialty  in  1999.  Board  certification 
testing  is  now  offered  annually  through  the 
American  Board  ol  Preventive  Medicine.  It 
is  a  credit  to  the  book  that  it  is  included  on 
the  approved  reading  list  lor  that  examina- 
tion. It  should  he  recognized  that  this  hook 
is  not  the  definitive  source  of  information 


on  all  the  topics  included  lor  those  who 
desire  more  in-depth  information,  there  arc 
entire  hooks  available  about  many  of  the 
individual  areas  discussed  (eg,  diving  med- 
icine, carbon  monoxide  poisoning).  None 
theless.  a  textbook  of  this  type  plays  an  im- 
portant role  tor  education  of  those 
inexperienced  in  hyperbaric  oxygen  therapy 
and  as  a  reference  for  those  w  ith  more  back- 
ground. 

The  other  currently  available  textbook  on 
hyperbaric  medicine  is  the  Handbook  mi 
Hyperbaric  Medicine  (Oriani  G.  Marroni  A. 
and  Wattel  F.  editors.  Berlin/New  York: 
Springer- Verlag,  1996).  which  has  more  Eu- 
ropean authors  and  reflects  that  influence  in 
its  approach  to  the  hyperbaric  treatment  of 
specific  conditions.  If  one  practicing  hyper- 
baric medicine  in  the  United  States  were  to 
purchase  only  one  of  the  two  books  in  200 1 . 
I  would  recommend  Hyperbaric  Medicine 
Practice.  2nd  edition.  It  is  more  reasonably 
priced  and  has  been  updated  more  recently. 
However,  both  books  would  be  recom- 
mended for  the  library  of  anyone  active  in 
the  delivery  of  hyperbaric  oxygen  therap) . 

Neil  B  Hampson  MI) 

Hyperbaric  Department 

Section  of  Pulmonary  and 

Critical  Care  Medicine 

Virginia  Mason  Medical  Center 

Seattle.  Washington 


Hyperbaric  Facility  Safety:  A  Practical 
Guide  Wilbur  T  Workman,  editor.  Flag- 
staff. Arizona:  Best  Publishing.  1999.  Hard- 
cover, illustrated,  754  pages.  $128. 

There  has  been  a  proliferation  of  clinical 
hyperbaric  facilities  in  the  United  States  and 
around  the  world.  Although  much  has  been 
written  about  the  medical  aspects  of  clinical 
hvperbanc  oxygen  therapy,  information  de- 
voted to  the  complex  issues  that  comprise 
hyperbaric  facility  safety  has  been  limited. 
These  issues  include  (but  are  not  restricted 
to)  engineering  design  practices,  regulatory 
guidance,  training,  staffing,  maintenance 
programs,  and  operational  procedures.  Un- 
fortunately, this  unparalleled  growth  of  hy- 
perbaric medicine  facilities  has  been  with- 
out a  comprehensive,  concise  reference 
addressing  the  vast  and  multifaceted  topics 
o\  hyperbaric  facility  safety.  The  develop- 
ment of  safety  standards  historically  has 
been  motivated  b)  fatal  or  catastrophic  ac- 
cidents occurring  in  pressure  vessels.  Man) 


existing  standards  have  evolved  from  oper- 
ational chamber  facilities.  The  goal  of  this 
hook  is  to  create  a  comprehensive  source 
document  that  can  serve  as  a  safety  primer 
and  apply  to  both  operational  and  clinical 
hyperbaric  facilities  Ihc  text  is  organized 
into  6  sections,  with  a  total  of  26  chapters. 
Several  chapters  are  further  subdivided  to 
more  clearly  present  the  different  interna- 
tional approaches  in  particular  topics  as  they 
relate  to  hyperbaric  facility  Safety 

The  first  section  describes  hyperbaric 
chamber  types  as  classified  by  the  National 
Fire  Protection  Agency  (NFPA)  and  the 
American  Society  of  Mechanical  Engineers 
(ASME).  A  list  of  international  chamber 
manufacturers  is  included.  The  history  of 
safety  standards,  including  the  origination 
of  boiler  and  pressure  vessel  laws,  is  traced, 
and  the  regulator)  agencies  that  impact  the 
safety  of  hyperbaric  facilities  are  introduced. 
In  the  United  States,  the  agencies  and  stan- 
dards include  (but  are  not  limited  to)  the 
NFPA,  ASME.  the  ASME  Pressure  Vessels 
for  Human  Occupancy  (PVHO)  Safety  Stan- 
dards, the  American  National  Standards  In- 
stitute, the  United  States  Food  and  Drug 
Administration,  and  the  Undersea  and  Hy- 
perbaric Medical  Society  (UHMS).  Stan- 
dards and  regulatory  agencies  in  other  coun- 
tries throughout  the  w  orld  are  also  described, 
many  of  which  have  adopted  United  States 
or  European  standards,  or  used  them  as  tem- 
plates. There  are  no  current  regulatory  agen- 
cies in  Latin  America,  and  there  are  no  fire 
safety  standards  in  several  countries/regions 
in  the  world.  In  Germany,  members  of  the 
Association  of  German  Hyperbaric  Centers 
have  established  guidelines  for  quality  stan- 
dards regarding  providing  uniform  treatment 
procedures,  qualifications  of  staff,  and  safety 
precautions  for  chambers.  No  truly  interna- 
tional safety  standard  has  vet  been  published 
Though  it  is  unrealistic  to  expect  the  inter- 
national hyperbaric  community  to  agree  to 
any  one  course  of  action,  this  hook  can  scrv  e 
as  the  definitive  reference  containing  the 
crucial  elements  and  quality  standards  to 
make  the  choice  more  informed  and  less 
daunting  The  text  encompasses  a  detailed 
portrayal  ot  stalling  and  training  require- 
ments throughout  the  world,  including  the 
organizations  that  provide  the  training,  cer- 
tification, and  monitoring  of  continuing  ed- 
ucation. Education  standards  and  certifica- 
tion requirements  throughout  the  world  are 
diverse,  ranging  from  essentially  no  Stan 
dards  at  all  to  programs  similar  in  scope  to 
that  in  the  United  States.  Implicit  in  the  hook 
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is  the  petition  foi  more  universal  recom 
mendations  fbi  staffing  and  training  pro 
grams  thai  are  so  essential  to  comprehen- 
sive safety  considerations  i  nfbrtunatelybul 
truthfully,  the  development  ol  safety  stan- 
dards has  in  no  small  way  been  prompted 
by  the  occurrence  of  tragic  chamber  mis 
haps  and  fatalities  \n  important  and  recur- 
rent theme  in  the  text  is  the  need  u>  docu 
ment  and  study  the  mishaps  of  the  past  in  an 
attempl  to  avoid  future  pitfalls. 

The  second  section  describes  the  sub 
systems  that  constitute  the  hyperbaric  fa<  il 
us.  including  pressurization,  piping,  breath- 
ing gas.  electrical,  lire  suppression,  and 
ventilation,  The  discussion  specifies  the 
hyperbaric  codes  and  standards  thai  di- 
rectlj  apply  in  these  facilities,  as  well  .is 

companion  codes  such  as  building  and  po- 
table  water. 

The  third  section  outlines  a  concise  blue- 
print for  establishing  a  hyperbaric  facility 
maintenance  program,  utilizing  published 
recommendations  bj  appropriate  agen 
cies.  such  as  the  NFPA.  ASMK.  and 
L'HMS.  chamber  manufacturers'  instruc- 
tions, and  equipment  operations  manuals. 
Hie  text  integrates  quality  of  care  consid- 
erations with  facility  safety,  appropriately 
depicting  the  two  elements  a.s  fundamental 
and  inseparable. 

The  fourth  section  covers  fires  in  the  hy- 
perbaric environment  The  history  ot  these 
rare  but  catastrophic  chamber  fires  is  re- 
viewed and  serves  to  accentuate  the  impor- 
tance of  fire  safety  considerations.  This  sec 
tion  discusses  in  great  detail  the  lire  hazards 
associated  with  the  hyperbaric  environment. 
flammability  properties  of  various  sub- 
stances, and  methods  of  controlling  fires,  as 
well  as  other  risk  factors  in  the  hyperbaric 
setting. 

The  fifth  section  pro\  ides  a  detailed  anal- 
ysis of  factors  contributing  to  accidents,  in- 
cluding human  error,  facility  or  equipment 
concerns,  and  malicious  activities.  The  re 
view  of  chamber  accidents  over  the  past  75 
years  provides  crucial  historical  information 
that — if  incorporated  into  a  comprehensive 
hyperbaric  incident  monitoring  program- 
can  be  effective  in  avoiding  repeats  of  these 
tragedies  The  short,  separate  chapter  on 
Japan's  HypcrbaiK  Mishap  Reporting 
S\  stem  ( Section  V.  Chapter  5  )  could  proh 
ably  have  been  integrated  into  one  of  the 
earlier  chapters. 

The  sixth  section  otters  a  practical  ap- 
proach to  hyperbaric  safety.  I  he  lust  chap- 
ki  ol  this  section  is  arguably  the  most  con 


sequential  in  that  an  immense  amount  oi 
information  is  foe  used  into  well  defined  el 
ements  that  constitute  an  effective  facility 

sateiv  program    l  his  information  -  an  then 
be  used  as  a  foundation  foi  (eventual)  pol 
icies  on  facility  certification  lnm.il  and  i" 
riodic  facility  certification  is  vital  to  hypei 
bark  facility  safety  Certification  standards 
need  to  be  exhaustive  and  compulsory  lo 
help  ensure  stafl  and  patient  safety  and 
should  include  periodic  evaluation  ol  (both 
monoplace  and  tnultiplace,  operational  and 
clinical  i  hyperbaric  facilities  foi  compliance 
with  those  standards  ["hough  this  book  does 
not  directly  address  the  issue  ol  facility  cei 
tilication.  the  foundation  is  firmly  set  for 
the  development  and  implementation  oi  such 
a  program. 

This  section  also  defines  and  discusses 
decompression  illness  as  a  risk  for  siat I 
attendants  in  the  multiplace  chamber.  The 
critical  importance  of  the  interaction  ami 
communication  between  the  hospital  ad- 
ministration and  appropriate  regulatory  bod- 
ies lo  ensure  compliance  with  safety  Stan 
dards  is  emphasized.  Also  discussed  are  key 
issues  in  patient  education  and  recommen- 
dations for  evaluating  clinical  chambers  in 
remote  locations  lor  safety  and  appropriate- 
ness of  care.  Analysis  of  hyperbaric  inci- 
dents are  reviewed,  with  special  attention  to 
prevention  and  contingency  plans.  Although 
contingency  plans  are  vitally  important,  the 
text  points  out  that  the  major  locus  should 
be  on  prevention  and  the  need  for  hyper- 
baric facility  staff  members  to  have  disaster 
training  to  practice  their  responses  to  urgent 
or  emergency  situations.  There  is  a  detailed 
discussion  of  the  Clinical  Hyperbaric  Eval- 
uation and  Testing  Program,  which  is  es- 
sentially a  United  States  Navy  program  w  ilh 
UHMS  oversight:  it  provides  a  template  tor 
equipment  testing  and  a  ready  source  of  valu- 
able information  in  the  database  derived 
from  prior  testing. 

The  intended  readership  of  this  book  is 
as  diverse  as  the  issues  and  factors  that  im- 
pact safety  in  hyperbaric  facilities.  Certain 
aspects  of  the  book  will  be  useful  to  local 
government  officials  responsible  for  en- 
forcement of  applicable  codes,  hospital  or 
facility  administrators,  facility  maintenance 
staff,  quality  assurance  personnel,  and  fa- 
cility safety  officers.  Other  parts  of  the  hook 
will  be  useful  to  chamber  designers,  archi- 
tects, and  equipment  manufacturers  finally . 
parts  of  the  text  will  be  valuable  to  physi 
cians,  nurses,  respiratory  therapists,  and  hy- 
perbaric technicians 


(Tie  editor's  international  approach  to  hy- 

irii  fat  tins  safety  is  useful  .n\d  infoi 
mative  It  offers  the  opportunity  to  evaluate 

programs  m  other  countries  and  world  re- 
gions that  have  hyperbaric  facilities,  allows 
foi  comparisons,  and  ultimately  pros  ides  the 

impetus  to  combine  the  best  features  ol  each 

By  design,  the  editor  made  little  attempt  to 
modify  the  international  authors'  chapters 
I  his  leads  to  some  redundancy  in  that  the 
principles  ol  facility  safety  are  much  the 
same  worldwide,  though  standards,  prac- 
tices, and  regulatory  agencies  are  quite  var- 
ied. However,  this  text  illustrates  the  inter- 
national commonality  in  hyperbaric  facility 

safety  concerns  and  is  a  crucial  slep  toward 

the  development  of  universal  standards. 

At  present,  other  than  self-certification 
and  verification  ol  the  criteria  of  the  ASM] 
PVHO-1  Safely  Standard,  there  are  no  re- 
quirements lor  a  third-party  inspection 
agency  or  svsicin  certification  in  the  United 
Stales,  and  very  lew  countries  have  such 
requirements  worldwide.  It  is  clear  from  the 
text  that  a  comprehensive  facility  certifica- 
tion program  in  each  country  or  world  region 
is  key  to  the  successful  and  sale  advance- 
ment of  hyperbaric  medicine  internationally 
The  text  contains  no  direct  reference  to  the 
United  States  Naval  facilities  Engineering 
Command's  certification  and  maintenance 
program  for  hyperbaric  facilities.  Their 
model  is  a  superb  one  to  emulate  but  more 
comprehensive  than  necessary  lor  civilian 
multiplace  chambers,  since  the  vast  major- 
ity of  these  facilities  are  not  designed  with 
the  high  levels  of  complexity  and  redun- 
dancy as  the  operational  naval  facilities. 

The  appearance  of  the  book  is  entirely 
professional  and  is  intentionally  similar  to 
Hyperbaric  Medicine  Practice  a  related 
textbook  also  reviewed  in  this  issue  rypo- 
graphic  errors  are  rare,  illustrations  are  un- 
derstandable and  of  high  quality,  and  the 
text  is  clear  and  readable.  The  information 
is  well  researched  and  applicable,  as  indi- 
cated by  the  excellent  references.  The  index 
is  indispensable  in  such  a  large  book  that 
contains  an  enormous  amount  of  diverse  in- 
formation and  will  serve  as  a  reference  text 
Unfortunately,  there  are  a  substantial  num- 
ber of  index  entry  page  numbers  that  do  not 
correspond  to  the  text.  This  will  need  to  be 
remedied  in  future  editions. 

The  editor  and  the  contributing  authors 
have  done  an  excellent  job  o[  unraveling 
the  complex  issues  thai  comprise  hyperbaric 
facility  safety.  The  texl  reveals  the  broad 
range  of  regulator)  agencies  and  stand. mis. 
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ilctailo.1  information  aboul  chamber  types 

and  subsystems,  allll  .1  SJ  slelllallC  appio.icll 

to  facility  preventive  maintenance  Focus 
on  prevention  of  accidents,  analysis  oi  past 
mishaps,  involvement  ol  facility  adminis- 
tration, staff  and  patient  education,  attention 
io  detail,  and  disaster  preparedness  drills  are 
all  requisite,  related  components  of  a  com- 
prehensive approach  to  hyperbaric  facility 
safety.  Tins  text  has  left  no  stone  unturned 
in  the  dissection  of  those  factors. 

Finally,  this  book  represents  an  enormous 
and  long  overdue  effort  to  create  a  compre- 
hensive source  document  that  will  serve  as 
asafety  primer  and  hyperbaric  facility  safety 
benchmark  for  established  and  developing 
hyperbaric  programs  in  the  United  Slates 
and  around  the  world. 

John  B  Slade  Jr  MI) 

Department  of  Hyperbaric  Medicine 

Doctors  Medical  Center 

San  Pablo,  California 


Interstitial  Lung  Disease.  3rd  edition.  Mar- 
\  in  I  Schwarz  MD  and  Talmadge  E  King  Jr 
MD.  Hamilton.  Ontario.  Canada:  BC 
Decker.  1998.  Hardcover  (with  CD-ROM), 

illustrated.  760  pages.  $159. 

Drs  Schwarz  and  King  have  been  in- 
volved with  interstitial  lung  disease  tILD) 
for  many  years,  and  particularly  Dr  Schwarz 
has  been  speaking  about  it  for  more  years 
than  I  care  to  remember.  Previous  editions 
of  this  book  were  a  prime  source  for  all  oi 
us  interested  in  this  topic,  and  this  edition 
continues  that  distinction. 

The  approach  to  the  topic  taken  by  the 
editors  in  the  first  chapter  of  this  current 
edition  is  to  provide  principles  of  approach 
to  the  1 56  causes  ol  ILD  that  are  referred  to 
in  the  verj  first  table  in  Chapter  1!  As  it 
turns  out,  this  chapter  ma>  be  the  most  use- 
ful in  the  book,  as  it  summarizes  etiologic, 
pathologic,  pathophysiologic,  clinical,  diag- 
nostic, and  therapeutic  information  in  con- 
cise, clear  form.  Thus,  the  reader  who  uses 
this  source  for  a  general  guide  or  for  spe- 
cific entity  identification  and  clarification 
will  benefit  b\  a  careful  reading  of  this  open- 
ing section 

The  following  chapter  goes  into  much 
more  detail  regarding  pathologic  anatomy. 
but  slicks  with  principles  that  give  the  reader 


an  overview  ol  both  the  gross  and  (he  mi- 
croscopic (but  particularly  the  microscopic i 
morphology  ol  this  affliction  of  the  lungs. 
Drama  would  have  been  served  b)  having 
illustrations  in  color  rather  than  only  in 
black-and-white,  but  the  price  would  cer- 
tainly have  been  higher  as  a  result,  so  per- 
haps (he  existing  compromise  is  acceptable. 
Following  is  a  chapter  on  abnormal  lung 
function  seen  in  ILD.  with  emphasis  on  ilk' 
physiologic  basis  of  the  observed  abnormal- 
ities— clearly  presented  and  well  illustrated, 
meaning  that  I.  as  a  nonphysiologist,  under- 
stood pretty  much  of  what  appears  in  the 
chapter. 

The  chapter  on  imaging  techniques  re- 
peals (he  approach  of  presenting  principles 
first  and  then  dealing  with  specific  entities. 
The  limiting  factor  in  this  chapter  is  the  lack 
of  information  on  ultrasound  and  scanning 
techniques  that  are  not  dealt  with  in  a  gen- 
eral way  any  w here  in  the  book — an  impor- 
tant omission.  Interestingly,  magnetic  reso- 
nance imaging  is  discussed  and  lis 
limitations  noted,  but  no  opinion  is  expressed 
on  the  other  techniques  mentioned  above. 
The  illustrations  of  plain  chest  films,  com- 
puted tomography,  and  high-resolution  com- 
puted tomography  are  beautiful. 

The  chapter  on  pediatric  ILD  is  excel- 
lent, but  the  grim  prognosis  reflected  in  many 
of  the  diseases  described  is  especially  heart- 
breaking. As  an  introduction  to  this  specific- 
group  of  patients,  the  chapter  provides  basic 
information,  especially  information  peculiar 
to  the  specific  age  group. 

Chapters  7.  8.  9.  and  10  deal  with  basic 
biology  of  inflammation  and  tissue  repair. 
This  is  an  area  that  has  grown  and  devel- 
oped rapidly  in  the  last  several  years,  and 
the  information  provided  is  probably  oui  i  >t 
dale  already.  But  for  those  of  us  whose  ap- 
proach to  life  is  clinical,  these  chapters  give 
an  insight  into  current  concepts  of  the  patho- 
genesis of  what  we  deal  with  clinically 
These  facts  are  a  natural  lead-in  to  Chapter 
1 3.  which  deals  w  ith  treatment  oi  ILD— not 
(he  most  satisfying  element  of  this  area  ol 
medicine' 

Two  chapters  discuss  sarcoid:  one  as  an 
example  ol  immunological  events  m  ILD 
and  the  other  as  a  straightforward  display  oi 
a  specific  disease  causing  III)  I  think  the 
appearance  oi  two  such  chapters  is  redun- 
dant and  thai  the  editors  should  have  com- 
bined the  efforts  of  Drs  Semenzato  ami  Ag- 
ostini  on  oik-  hand  and  those  ol  I  )rs  Stirling, 


(  HI  I  man.  anil  Dubois  on  (he  other,  As  u  is. 
the  latter  group  has  produced  whal  is.  in  my 
estimation,  the  besl  summary  of  sarcoid  that 
I  have  encountered  in  main  years. 

Chapter  12.  which  deals  with  pulmonary 
vascular  elements  of  ILD.  is  brief  and  re- 
peals information  (hat  appears  elsewhere, 
suggesting  that  more  editing  could  have 
made  this  chapter  expendable,  although 
there  is  interesting  information  presented. 

The  rest  of  (he  hook  deals  with  specific 
entities  associated  with  ILD.  and  it  is  in 
these  chapters  that  I  found  the  greatest  vari- 
ation of  usefulness.  In  some  of  them  (here  is 
an  emphasis  on  ILD.  how  specific  disease 
entity  produces  ILD.  or  what  is  peculiar 
about  ILD  as  a  manifestation  ol  a  specific 
disease.  In  most  of  these  chapters,  however, 
(here  are  detailed  descriptions  of  the  spe- 
cific diseases,  but  no  special  reference  to 
ILD.  In  other  words,  this  part  of  the  book 
becomes  an  incomplete  textbook  oi  pulmo- 
nary diseases  in  general  rather  than  a  trea- 
tise on  interstitial  diseases  in  particular.  For 
example,  (he  3  chapters  dealing  with  indus- 
trial lung  disease  do  not  specifically  deal 
with  ILD.  whereas  the  chapter  on  drug-in- 
duced lung  disease  emphasizes  the  intersti- 
tial manifestations  of  these  entities.  The 
chapter  on  pulmonary  \  asculitis  ignores  ILD 
as  a  unique  part  of  the  spectrum,  whereas 
those  chapters  written  by  either  Dr  Schwarz 
or  Dr  King  are  presented  from  the  primary 
point  of  view  of  ILD. 

In  general,  this  third  edition  is  well  pro- 
duced, well  written,  and  well  indexed.  My 
main  resen  ation  concerns  the  inconsistency 
oi  emphasis  on  ILD  noted  in  the  chapters 
on  specific  disease  entities.  I  sense  that  this 
ma)  be  the  editors'  fault  as  much  as  the 
authors'.  If  this  matter  had  been  dealt  with. 
the  book  would  ha\  e  been  somew  hat  shorter 
bul  inst  as  useful.  In  general  I  found  the 
book  a  rich  source  of  information  on  the 
subject  of  ILD.  The  book  is  easy  to  use  as 
a  reference,  since  the  organization  is  logical 
and  chapter  lilies  are  accurate.  This  book 
remains  the  gold  standard  on  this  subject 
for  students  oi  ILD.  regardless  ol  their  level 
of  sophistication 

Gerald  I.  Baum  MD 

Israel  Lung  Association  -  Tel   \\i\ 

Sadder  School  oi  Medicine 

Tel  A\i\  University 

lei  A\n .  Israel 
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skin  Signs  ol  Systemic  Disease 

tion  Irwin  M  Braverman  MD  Philadelphia 

\\  H  Saunders  1998  Hard 

682  pages,  - 

Irwin  Braverman  has  always  had  .1  spe 
cific  purpose  in  the  single  authoi  Skin  Signs 
of  Systemic  Disease  and  he  has  kepi  thai 
purpose  in  narrow  focus  in  this  thorough!) 
updated  third  edition  bl  the  <  lassie  text  h  is 
rare  thai  the  title  ol  .1  medical  tcxi  so  apt!) 
Mims  up  its  contents  while  ai  the  same  time 
omitting  from  the  title  whal  is  similarly  ab 
sen)  from  the  discussion  on  the  pages  be- 
tween its  covers.  Tins  is  primarily  .1  hook 
about  the  an  and  science  ol  the  physical 
examination,  and  onlj  the  examination  of 
the  skin  and  its  appendages  at  that.  It  also 
hunts  its  scope  to  the  cutaneous  manifesta 
tion  of  systemic  illness,  rather  than  looking 
at  all  disorders  ol  the  skin  In  engaging  in 
precise  language,  Braverman  has  tackled  the 
intimidating  taskoi  comprehensively  detail- 
ing the  clinical  signs  and  symptoms  ol  all 
major  and  mans  minor  systemic  disorders 
Ibis  thud  edition  includes  an  updated  over- 
view o\  both  recent  and  classic  investiga 
tional  studies  and  summaries  ol  current  un- 
derstanding of  the  pathophysiology 
underlying  the  cutaneous  manifestations  he 

discusses 

In  the  task  he  has  undertaken  the  author 
succeeds  spectacularly  B)  limiting  his  lo- 
cus Braverman  makes  sacrifices  when  his 
text  is  compared  with  both  internal  medi- 
cine and  general  dermatoiog)  textbooks  that 
aspire  to  be  more  comprehensive  These 
compromises  are  perhaps  necessary  to 
achiev  e  his  specific  ends  Ne\  ertheless,  t  here 
is  much  that  a  health  professional,  seeking 
information  and  answers  to  specific  clinical 
problems,  will  not  be  able  to  find  if  only 
consulting  this  book  from  the  shell  Nota 
bly  missing  is  almost  an)  discussion  of  ther- 
apy of  either  the  systemic  disorders  them- 
selves or  the  specifics  ol  treating  the  skin 
manifestations.  Perhaps  as  a  corollary,  an- 
other weakness  is  the  inconsistent  quality  ol 
the  discussion  o\  the  effects  of  medical  treat- 
ment in  modifying  the  cutaneous  signs  ,>t 
an  illness  or  discussion  of  them  in  causing 
specific  cutaneous  syndromes  Though  the 
most  commonly  seen  adverse  cite*.  Is  ol 
major  chemotherap)  agents  are  brief!)  dis- 
cussed in  the  chapter  on  leukemia,  lor  ex- 
ample, nowhere  in  the  discussion  of  ei- 
ther pyoderma  gangrenosum  or  Sweet's 
syndrome  1  acute  febrile  neutrophilic  del 
matosis)  is  either  condition's  association 
with  granulocyte  colon)  stimulating  fac- 


101  mentioned    Mso  absent  is  all  bul 

sorj  discussion  ol  the  his' 

and  accompanying  differential  diagnosis 

that  confront  the  practitioner  interpreting 
the  skin  biopsy  icsulls  from  a  patient  with 
s\  stemic  illness 

Providing  the  expertise  thai  bridges  the 

disciplines  of  pathology  and  medicine  by 
understanding  the  intricacies  ol  Lnterpi 
and  correlating  histologic  and  cluneal  find 
ings  is  one  oi  the  greatest  strengths  thai  a 
dermatologic  consultation  can  bring  to  a  pa 
tient  w  1 1I1  s\  stemic  illnesses  I  Infortunatel) . 
this  textbook  provides  little  aid  to  the  non- 
dermatologisl  who  wishes  to  better  under- 
stand either  the  strengths  01  limitations  of 
the  diagnostic  line  on  the  biopsy  reports  re 
ceived  from  the  pathologist     \nothci  pai 
Ocular  weakness  is  expanding  on  the  diffei 
ential   diagnosis   of  skin   findings     I 
example,  granuloma  annulare  is  an 
pathie  disorder  of  the  skin  that  both  clini- 
c.ilK  and  histologically  must  be  included  111 
the  differential  diagnosis  ol  sarcoidosis  ol 
the  skin.  A  practitioner  unfamiliai  with  this 
entity  while  reading  the  sarcoidosis  chapter 
might  go  to  the  index  and  thereby  through 
cross-references  find  that  granuloma  annu- 
lare  is  associated  with  diabetes  But  it  would 
still  take  a  trip  to  a  more  general  dermatoi- 
og) reference  by  the  noncognizanl  for  a  clear 
picture  o\  this  entity  in  the  differential  di- 
agnosis to  emerge 

The  book  is  organized  into  chapters  on 
the  major  categories  ol  systemic  illness  de 
scribed,  each  w  hh  mostly  self-contained  dis- 
cussions oi  specific  diseases  or  syndromes 
Each  chapter  can  st.md  independent!)  of  the 
others.  This  book  also  lends  Itself  10  beiiiL' 
both  a  quick  reference  for  answering 
cused  questions  and  a  longer,  more  com- 
prehensive reading  ol  a  selected  topic  \n 
hour  or  two  carefull)  reading  the  sarcoid- 
osis chapter  would  he  well  spent  by  the  pul- 
monale specialist  wishing  to  clarif)  Ins  or 
her  thinking  about  various  cutaneous  clues 
that  can  help  diagnose  this  entity  prior  to 
the  chest  radiograph  Just  as  feasible  is  a 
quick  reference  to  the  hypersensitivity  syn- 
dromes chapter  to  help  distinguish  erythema 
multiforme  from  erythema  chronica  migrans 
for  the  intensive  care  specialist  living  to  son 
out  an  annular  rash  in  an  intensive  care  unit 
patient. 

Skin  Sibils  of  Systemic  Disease  is  not  a 
beginner's  textbook  Unlike  eithei  general 
dermatoiog)  texts  or  manuals  oi  physical 
examination,  there  are  no  preface  chapters 
or  even  a  glossary  to  explain  to  the  nondei 


matologjcall)  sawy  the  difference  between 
macule  and  patches,  vesicles  and  hull  1 
papules  and  nodules  I  his  is  somewhat 
pensated  bv  the  author's  gifted  writing  abil- 
ity I  ew  authors  I  have  read  are  equall)  able 

lo  evoke  a  cluneal  picture  with  both  careful 

and  judicious  descriptive  lai  I  his  is 

helpful,  because  the  pictures  in  the  text  are 

I  but  not  spectaculai    Small  lone  sixth 

oi  ilk'  page  on  average  land  black-and-white, 

the  photographs  are  well  chosen  to  repre- 
sent both  classic  and  less  usual  manifesta- 
tions ol  the  conditions  described  Thei 
color  plates  of,  again,  small  photographsthat 
are  interspersed  between  paees  ol  the  text. 
but  these  are  often  several  pages  out  ol  con- 
text and  thus  less  directly  linked  to  the  topic 
being  discussed.  Dermatoiog)  texts  with  full 
color  photographs  throughout  can  be  a  vi- 
sual least;  however,  because  ol  the  cost  ol 
color  printing,  extensive  coloi  illustrations 
also  make  .1  text  about  skin  disease 
tunes  as  expensive  as  a  similar  text  in  an- 
other subject  lor  a  dermatoiog)  text,  this 
one  is  more  affordable  than  most.  ' 
between  SI 4s  and  $155  at  an  online  book- 
seller. 

The  clinician  with  a  systemicall)  ill  pa- 
tient without  a  known  diagnosis  will  find 
this  book  frustrating  in  terms  >i\  differential 
diagnosis  In  what  is  probabl)  .1  response  to 
similar  criticism,  the  author  has  added,  in 
the  preface,  small  tables  focusing  on  differ- 
ential diagnosis  1  his  afterthought,  however, 
lacks  the  attention  to  detail  and  logical  ami 
comprehensive  explanations  that  character- 
ize the  rest  of  the  text  Without  the  usual 
rich  commentary  by  the  author  that  is  found 
in  the  body  of  the  work,  this  tabular  discus- 
sion of  differential  diagnosis  will  probabl) 
leave  the  reader  unsatisfied. 

Understanding  the  narrow  focus  and  the 
authors  specific  intent,  however,  the  reader 
who  is  only  alter  a  discussion  oi  the  cuta- 
neous aspects  c i|  internal  medicine  1  and  s.  ime 
pediatrics)  will  find  that  Braverman  rather 
spectacular!)  succeeds  at  accomplishing  his 
task  For  a  summary  of  both  the  classic  un- 
derstanding ami  current  science  o\  skm  find- 
ings in  sv  stemic  disease,  careful  sifting 
through  dozens  ol  review  articles  from  ma- 
jor and  minor  journals  is  unlikely  to  find 
substantially  more  comprehensive  treat- 
ments. That  same  search  ol  review  articles 
is  even  less  hkely  to  find  anything  more 
comprehensive.  I01  this  author  is  an  excel- 
lent writer  Braverman  is  able  to  be  factual 
while  at  the  same  time  bringing  enough  opin- 
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ion  and  personal  observation  to  his  com- 
mentary to  make  for  rich  and  captivating 
reading,  This  edition  is  as  thoroughly  up- 
dated and  referenced  as  any  article  in  a  spe- 
cialty journal,  yet  at  the  same  time  there  is 
character  and  personality  in  the  language 
thai  is  best  found  in  a  well  written  single- 
author  text  such  as  this. 

In  (his  da>  and  age  of  advanced 
MKDLINli  searches  and  quick  and  easj 
photocopying  oi  articles  from  journals  in 
library  stacks,  the  incentive  to  reach  for 


one's  own  shell  lor  medical  information 
seems  to  be  less  and  less  by  the  year.  First 
know  that  this  text  is  not  a  comprehensive 
genera]  dermatology  text,  that  within  the 
book  the  words  paint  a  better  picture  than 
the  photographs,  that  it  gives  minimal  dis- 
cussion or  guide  lo  therapeutics,  and  that 
those  without  basic  know  ledge  of  the  lan- 
guage  ol  dermatology  will  find  little  help. 
However,  if  on  youi  shell.  Skin  Signs  of 
Systemic  Disease  will  reliably  provide  a 
well  written,  thorough,  and  thoughtful  up- 


to-date  discussion  of  the  clinical  mani- 
festations and  pathophysiologic  bases  ol 
tnajoi  and.  most  importantly,  minor  sys- 
temic diseases.  With  it  at  your  fingertips, 
that  MEDLINE  search  and  trip  to  the  h- 
brary  will  probably  be  unnecessary. 

Jan  I'  Dank  MD 

Division  of  Dermatology 

University  of  Washington 

School  ol  Medicine 

Seattle.  Washington 
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Ml)  Consul! 
(reviewed  December  26,  2000) 

Ml)  Consul)  (http://www  mdconsult. 
com)  I--  an  online  reference  tool  available 
oiils  through  the  World  Wide  Web  li  was 
developed  .is  .1  joinl  venture  b)  3  leading 
medical  publishers  A\  B  Saunders,  Mosby, 
and  I  ippincott,  Vs  illiams  &  \\  ilkins)  to  pro- 
vide a  single  uniform  access  to  all  areas  of 
cluneal  information  needed  by  a  physician 
in  the  course  ol  patienl  care.  1  he  focus  is  on 
the  practicing  physician,  although  it  can  he 
a  valuable  resource  foi  other  health  cue 
providers  as  well. 

There  are  subscription  models  to  lit  most 
situations.  The  personal  subscription 
($199.95/year  or  19.95/month)  allows  the 
user  to  customize  the  update  function  to  de- 
liver clinical  news  of  interest  or  to  e-mail 
Food  and  Drug  Administration  approval 
news,  or  safety  alerts.  There  are  also  group 
arid  institution-wide  subscriptions,  with  in- 
dividual customization  available.  The  pric- 
ing for  those  subscriptions  is  available  on 
request. 

MD  Consult  is  divided  into  two  general 
portions:  "updates"  and  "answers  " 

"Updates"  contains  news  likely  to  be  of 
interest  to  a  clinician:  current  health  and 
medical  news  plus  drug  alerts  and  Food  and 
Drug  Administration  approvals.  "Today  in 
Medicine"  is  the  last  7  days  from  Reuters 
Health,  broken  down  to  general  interest  and 
Specialty  areas.  In  "This  Week's  Journal." 
the  tables  oi  contents  plus  abstracts  for  the 
most  current  issue  oi  Journal  oj  the  \nu  1 
icon  Medical Assoi  iation.  The  Lam  et,  Brit 
ish  Medical  Journal,  Annuls  of  Internal 
Medicine,andNew  England  Journal  of  Med- 
icine are  provided  tor  current  awareness 

"Answers"  is  a  gateway  to  a  wealth  of 
information,  much  of  it  available  in  lull  text, 
searchable  in  a  single  search  screen.  The 
user  can  eithei  search  all  ol  Ml)  Consult  or 
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limit  the  search  to  !8  referent  e  books  in  all 
aic. is  ol  internal  medicine,  500  practice 
guidelines,  drug  information  from  Mosb) 
GenRx,  patienl  education  materials,  01 

Ml  Dl  INI 

The  Reference  Books  section  includes 
mans  well-known  titles,  such  as  Hone's  1'nl 
monary  and  Critical  (  arc   McJiiinc.  Mil 

ler's  Am  sthesia,  and  Mandell's  Principles 
and  Practice  oj  Infectious  Diseases.  The 

textbooks  can  also  be  used  traditionally .  go- 
ing from  the  table  of  contents  to  a  chapter. 
The  lull-text  journals  ami  the  sear  books 
must  be  accessed  through  the  search  form. 

The  best  approach  is  to  search  using  the 
key  elements  of  your  question:  for  example. 
the  phrase  "respiratory  therapy  for  COPD" 
(chronic  obstructive  pulmonary,  disease)  re- 
trieved 121  items:  2  references  from  the  rel 
erence  hooks  and  1  I1)  from  the  journal  lit- 
erature. 

Sorted  by  relevance,  there  were  64  arti- 
cles from  journals  such  as  Chest,  Critical 
Can  Medium.  Immunology  ami  Allergy 
Clinics  at  North  America,  and  Clinics  in 
Chest  Medicine.  There  were  also  2  full-text 
commentaries  from  the  year  hooks  The  re- 
maining 55  were  articles  ssith  summaries 
from  MEDLINE.  Il)66  to  present 

A  slightly  different  search,  for  respira- 
tor) therapy  for  children  ssith  asthma, 
yielded  1  reference  text,  I  practice  guide- 
line, and  61  articles,  33  of  which  were  as  ail- 
able  in  full  text. 

There  is  also  a  feature  called  "land  More 
Articles  Like  This"  that  allows  sou  to  search 
further  using  an  example  of  an  article  al- 
ready found. 

This  type  of  access  is  both  a  strength  and 
a  weakness.  An  answer  can  he  searched  for 
quickly  across  the  lull  range  oi  content,  or 
just  in  textbooks,  or  |usi  in  journal  litera- 
ture. The  search  query  box  is  straightfor- 
ward, with  blanks  to  till  in.  But  the  search 
must  be  "translated"  from  a  sentence  ques- 
tion such  as  "what  type  or  respiratory  ther- 
apy is  effective  in  COPD"  into  "respirator) 
therapy"  and  "COPD  or  chronic  obstructive 
pulmonary  disease."  It  becomes  scry  cum- 
bersome if  the  question  is  complex.  The 
biggest  weakness  is  that  journal  articles  can 
he  located  only  by  a  search.  There  is  no 
mechanism  to  go  directly  toa  known  article 


in  <  //.  ,•  01  '  rif/i  a\  <  are  <  linii  t,  01  n> 
brow  se  the  tabic  ol  contents  ol  the  most 
current  issue. 

Once  found,  an  article  or  chapter  can  be 
displayed  01  printed  one  item  ata  time  I  here 
is  no  mechanism  to  save  oi  e-mail  the  re- 
sults Access  to  the  journal  literature  is 
through  a  current  search  onl)  There  is  no 
capability  ol  saving  a  search  to  run  each 
month,  nor  ol  e  mailing  updates  as  new  ma- 
teria] is  added  In  fact,  current  issues  are  not 
immediatel)  available. 

Ml)  Consult  announced  in  December 
2IKKI  thai  a  new  product  focused  on  cardi- 
ology will  debul  in  2fX)l.  Other  specialty 
areas  are  being  planned.  The  focus  contin- 
ues to  be  on  the  general  practitioner  or  fam- 
ily physician.  The  specialty  products  will 
require  separate  subscription. 

Stat-Ref!  Plus  is  a  similar  reference  prod- 
uct. Made  by  Ieion  Data  Systems,  Stat  Ri  f! 

Plus  is  accessible  mi  CD-ROM  OI  sia  the 
World  Wide  Web  (at  http://ww  w  statref 
com).  Mans  of  the  same  textbooks  are  as  ail 
able  sia  Stat  Kef  Plus,  as  well  as  the  (ta- 
lent Diagnosis  and  Treatment  specialty 
series  and  the  Medit  al  /<  tteron  Drug  Ther- 
apeutics. However,  Stat-Ref!  Plus  does  not 
include  full-text  journals  01  Ml  1 'I  INE. 

For  a  small  clinic  or  a  respirators  thera- 
pist in  a  small  hospital  at  a  distance  from  a 
library.  MI)  Consult  could  be  sers  useful 
Though  not  replacing  standard  reference 
texts  such  as  Burton's  Respiratory  Can  I 
Guide  to  Clinical  Practice  or  professional 
journals,  in  a  setting  where  a  broadei  range 
Of  problems  are  common,  access  to  Ml) 
Consult  could  substitute  for  general  refer- 
ences or  reliance  on  memory  in  the  absence 
of  a  library.  The  drug  information  and  text- 
books provide  more  depth  than  searching 
PubMed  01  Medscape  for  access  to  tree  full- 
text  journals.  Searching  Ml)  Consult  iseas) 
and  quick,  but  the  COSl  per  das  foi  a  per- 
sonal (monthly)  subscription  is  s|  mi.  plus 
the  cost  ol  an  Internet  connection.  Actual 
probable  use  should  he  carefully  balanced 
against  the  benefits. 

Patricia  J  Erwin  MLS 

Maso  Medical  Library 

Rochester,  Minnesota 
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The  American  Association  for  Respirator)  Care  and  its  sci 
ence  journal,  Rt  SPTR  KTOK\  CAR]  .  unite  submission oi  briei 
abstracts  related  to  anj  aspect  oi  cardiorespiratory  (.arc   I  he 
abstracts  will  be  re\  iewed,  and  selected  authors  w ill  be  invited 
to  present  posters  at  theOPl  \  Fori  \i  during  the  A  ARC  In 
temational  Respirator)  Congress  in  San  Antonio,  Texas.  I  v 
cember  I  4.  2001.  Accepted  abstracts  will  he  published  in  the 
October  2001  issue  of  RESPIRATOR')  CAR]    Membership  in 
the  AARC  is  not  required  lot  participation.  All  accepted  ab- 
stracts are  automaticall)  considered  for  AJRCF research  grants. 

SPECIFICATIONS— READ  CAREFULLY! 

An  abstract  may  report  ( 1 1  an  original  stud] .  1 2 1  the  eval- 
uation of  a  method,  device  or  protocol,  or  (3)  a  case  or  case 
series.  Topics  ma)  be  aspects  of  adult  acute  care,  continuing 
care/rehabilitation,  perinatology/pediatrics,  cardiopulmonary 
technology .  or  health  care  delivery.  The  abstract  may  have  been 
presented  previously  at  a  local  or  regional — but  not  nation- 
al— meeting  and  should  not  have  been  published  previously 
in  a  national  journal.  The  abstract  will  be  the  onl)  e\  idence 
b)  «  hich  the  rev  iew  ers  can  decide  w  hether  the  author  should 
be  invited  to  present  a  poster  at  the  OPEN  Forum.  Therefore, 
the  abstract  must  provide  all  important  data,  findings,  and  am- 
elusions.  Give  specific  information.  Do  not  write  such  gen- 
eral statements  as  "Results  will  be  presented"  or  "Significance 
will  be  discussed." 


FORM  \l   WD  ITPING  DMSTR1  CTIONS 

Accepted  abstracts  will  be  photographed  and  reduced  b) 
4()', .  therefore,  the  size  ol  the  original  text  should  be  at  least 
l()  points.  A  font  like  Helvetica  or  I  imes  makes  the  clearest 
reproduction.  The  first  line  of  the  abstract  should  be  the  title 
in  all  capital  letters.  Title  should  explain  content   Follow  title 

with  names  ol  all  authors  (including  credentials),  institution(s), 
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Barnes  PJ.  Endogenous  inhibitory  mechanisms  in  asthma.    Am 
J  Respir  Crit  Care  Med  2000:  161(3  Pt2):S176-S181. 

Abstract  in  journal:  (Abstracts  citations  are  to  be  avoided,  and  those 

more  than  3  years  old  should  not  be  cited. ) 

Volsko  TA,  De  Fiore  J.  Chatburn  RL.  Acapella  vs  flutter:  per- 
formance comparison  (abstract).  RespirCare  2000;45(8):991. 

Editorial  in  a  journal: 

Giordano  SP.  What's  that  sound"'  (editorial)  Respir  Care 
2000;45(10):1167-1168. 

Editorial  with  no  author  given: 

The  perils  of  paediatric  research  (editorial).  Lancet 
1999;353(9154):685. 

Letter  in  journal: 

Piper  SD.  Testing  conditions  for  nebulizers  (letter).  RespirCare 
2000;45(8):971. 


World  Wide  Web 

American  Lung  Association.  Trends  in  pneumonia,  influenza,  and 
acute  respiratory  conditions  mortality  and  morbidity.  February.  2000. 
http://www.lungusa.org/data.  Accessed  November  20.  20XX). 

Tables.  Tables  should  be  consecutively  numbered.  At  the  bottom 
of  the  table  define  and/or  explain  all  abbreviations  and  symbols  used 
in  the  table.  For  footnotes  use  the  following  symbols,  superscripted, 
in  the  table  body,  in  the  following  order:  *.  t.  j.  §.  ||,<fl,  **,  ft.  If 
data  include  a  "±"  value,  please  indicate  whether  the  value  is  a  stan- 
dard deviation  or  standard  error  of  the  mean. 

Figures  (illustrations).  Figures  include  graphs,  line  drawings,  pho- 
tographs, and  radiographs.  All  figures  should  be  sharp  black-and- 
white  images  and  be  camera-ready.  Glossy  prints  are  preferred,  but 
a  good  laser  print  will  do.  Use  only  illustrations  that  clarify  and  aug- 
ment the  text.  Radiographs  should  clearly  illustrate  the  point  being 
made  and  should  be  submitted  as  black-and-white  glossy  photographs. 
If  color  is  essential  to  the  figure,  consult  the  Editorial  Office  for 
more  information.  In  reports  of  animal  experiments,  use  schemat- 
ic drawings,  not  photographs.  A  letter  of  consent  must  accompa- 
ny any  photograph  of  an  identifiable  person.  Number  figures  con- 
secutively as  Figure  1 .  Figure  2,  etc.  All  the  figures  must  be  mentioned 
in  the  text.  Every  figure  must  have  a  legend  (a  title  and/or  descrip- 
tion explaining  the  figure).  Figure  legends  should  appear  as  sep- 
arate paragraphs  at  the  end  of  the  manuscript  (after  the  References 
section),  in  the  same  computer  file  as  the  manuscript  (not  in  a  sep- 
arate file,  as  with  the  tables  and  figures). 

Do  not  create  scanned  versions  of  figures  borrow  ed  from  other  pub- 
lications; clear  photocopies  are  preferable.  To  include  figures  pre- 
viously published  in  other  publications  you  must  obtain  permission 
from  the  original  copyright  holder,  figures  must  be  of  professional 
quality  and  a  copy  of  the  article  from  which  the  figure  came  should 
be  available. 

Drugs.  PreciscK  identify  all  drugs  and  chemicals  used.  gi\  ing  gener- 
ic (nonproprietary)  names,  doses,  and  methods  of  administration. 
Brand  or  trade  names  may  be  given  in  parentheses  after  generic 
names. 


Book:  (lor  .m\  book,  specific  pages  should  be  cited  whenever  rel 
erence  is  made  to  specific  statements  or  other  content  ) 

Cairo  JM.  Pilbcam  SP.  Mosby's  respiratory  care  equipment.  6th 

ed.  St  Louis:  Mosby:  1999:76-85. 


Commercial  Products.  In  the  text,  parenthetically  identify  com- 
mercial products  only  on  first  mention.  gi\  ing  the  manufacturer's 
name  and  location  Example:  "We  performed  spirometry  ( 1085  Sys- 
tem. Medical  Graphics.  Minneapolis.  Minnesota)."  Pro\  ule  model 
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numbers  if  available,  and  manufacturer's  Min.iJi.-sii.-il  price  it  the  stud) 
has  ^'M  implications. 

Permissions:  't  ou  must  obi.nn  written  permission  to  use  pictures 
ol  identifiable  indh  iduals  01  to  name  indi\  iduals  in  the  Acknow  I 
edgments  section  ^i  ou  musi  obtain  written  permission  From  the 
original  copyright  holdei  to  use  figures  01  tables  from  other  pub- 
lications.  Copies  ol  .ill  applicable  permissions  musl  he  on  file  al 
Ki  sriK  vtor\  ('  \ki  before  a  manuscript  hoc--  to  press.  Copyrighl 
is  most  often  held  b)  the  journal  or  book  in  which  the  figure  or  table 
originally  appeared  and  applies  to  the  creativity,  style,  and  form 
in  which  the  facts/data  are  presented  to  the  reader;  the  facts  them- 
selves arc  no)  copyright-protectable.  Therefore,  permission  is  required 
to  reproduce  .t  table  01  figure  directly,  or  with  minor  adaptations, 
from  .1  journal  or  hook,  but  permission  is  not  required  it  data  are 
extracted  and  presented  in  a  new  format  In  that  case,  cite  the  source 
of  the  data  as  in  the  following  example:  "Adapted  from  Reference 
23." 

Ethics.  When  reporting  experiments  on  human  subjects,  indicate  thai 
procedures  were  conducted  in  accordance  v,  ith  the  ethical  standards 
of  the  World  Medical  Assch  iation  Declaration  of  Helsinki  {see  Respir 
Care  l997;42(6):635-636;  also  available  at  http://www.wma.net/e/ 
l7-c_eparagraphnumbering.html)  or of  the  institution's  committee 
on  human  experimentation.  State  that  informed  consent  was 
obtained.  Do  not  use  patients'  names,  initials,  or  hospital  numbers  in 
text  or  illustrations.  When  reporting  experiments  on  animals,  indicate 
that  the  institution's  policy .  a  national  guideline,  or  a  law  on  the  care 
and  use  of  laboratory  animals  uas  followed. 

Statistics.  Identity  the  statistical  tests  used  in  anal)  /ing  the  data  and 
gi\e  the  prospectivel)  determined  le\el  of  significance  in  the  Meth- 
ods section.  Report  p  values  in  the  Results  section.  Cite  only  textbook 
and  published  article  references  to  support  choices  of  tests.  Paren- 
thetically identify  any  computer  programs  used.  If  data  include  a  "±" 
\  .ilue.  please  indicate  whether  the  value  is  a  standard  deviation  or  stan- 
dard error  of  the  mean. 

I  nits  of  Measurement.  1-Apress  all  measurements  in  SI  (Systems  Inter- 
nationale) units  (units  and  conversion  factors  listed  at  Respir  Care 
1LW7;42(6):640  and  also  available  at  http://www.rciournal.coml 
author_guide/.  Show  gas  pressures  (including  blood  gas  tension-,  1  in 
millimeters  of  mercury  (mm  Hgi. 

Conflict  oflnterest.  On  the  cos  er  page,  authors  must  disclose  an) 
liaison  or  financial  arrangement  they  have  with  a  manufacturer  or 
distributor  whose  product  is  addressed  in  the  manuscript  or  with  the 
manufacturer  or  distributor  of  a  competing  product.  Such  arrange- 
ments  do  not  disqualify  a  paper  from  consideration  and  are  not  dis- 
1  losed  to  reviewers.  Re\  iewers  are  screened  for  possible  conflict  of 
interest 

Abbreviations  and  Symbols.  Use  the  standard  abbreviations  and 
symbols  listed  at  Respir  Care  1997;42(6):637-642  (also  available 
at  http://www.rcjoumal.com/author_guide/).  Do  not  create  new 
abbre\  iations.  Do  not  use  abbreviations  in  the  title  or  section  head- 
ings and  do  not  use  unusual  abbre\  iations  in  the  abstract.  Use  an 


abbreviation  onl)  it  the  term  01  airs  4  or  more  times  m  the  paper 
Parentheticall)  define .///  abbreviations:  write  out  the  lull  term  on 
first  mention,  followed  b)  the  abbreviation  in  parentheses 
Example  chronic  obstructive  pulmonary  disease  (I  OPD  Ihere- 
aftei  uve  onl)  the  ahbrev  iation.  si.nui.ud  units  ol  measurement  and 
scientific  terms  can  be  abbreviated  without  explanation  (eg,  IVmin. 
mm  Hg,  pi  I  0 

I 'lease  use  i  he  following  forms  cmH20(notcmH20),f(notb 

I. mot  1 1.  L/min  (not  I.PM.  I/mm.  or lpm),  ml  (not ml)  1 11 

mmHg)  pH(nol  Phoi  PH),p>O.OOI  (notp>O.OOI  l,s(notsa 
(arterial  oxygen  saturation  measured  via  pulse-oximetrj  1 

Prior  and  Duplicate  Publication  In  general, do  not  submit  work  th.n 
has  been  published  or  accepted  elsewhere,  though  in  special 
instances  the  Editor  ma)  considei  such  material  il  the  original  pub- 
lisher grants  permission.  Please  consult  the  Editoi  before  submitting 

such  work 

Authorship.  All  persons  listed  as  authors  must  have  participated  in 
the  reported  work  and  in  the  shaping  of  the  manuscript,  all  must  have 
proofread  the  submitted  manuscript,  and  all  should  be  able  to  pub- 
lish discuss  and  defend  the  paper's  content  A  paper  of  corporate  author- 
ship must  specify  the  key  persons  responsible  for  the  article.  Attri- 
bution of  authorship  is  not  based  solely  on  solicitation  of  funding. 
collection  or  analysis  of  data,  provision  of  advice,  or  similar  services. 
Persons  w  ho  pro\  ide  such  ancillary  sen  ices  may  be  recognized  in  an 
Acknow  [edgments  section,  but  written  permission  is  required  from 
the  persons  acknowledged. 

Reviewers:  Please  supply  the  names,  credentials,  affiliations,  address- 
es, and  phone/tax  numbers  ol  3  professionals  whom  you  consider  expert 
on  the  topic  of  your  paper.  Your  manuscript  may  be  sent  to  one  or 
more  ^\  them  for  blind  peer  re\  iew . 

Submitting  the  Manuscript 

Submit  3  printed  copies  and  one  (3.5-inch)  computer  diskette.  The 
printed  copies  should  each  include  photocopies  ol  all  of  the  Figures, 
fables,  and  Appendixes.  On  the  diskette,  the  manuscript  should  be 
in  one  file  and  the  tables  in  a  separate  file  II  soli  copies  of  the  fig 
ures  are  available,  they  should  also  be  111  a  separate  file.  Hen  ever,  do 
not  create  scanned  versiom  effigures  borrowed  from  othei  publications; 
clear  photocopies  are  preferable.  Include  the  completed  Cover  Let- 
ter and  Checklist  (see  next  page  1  and  permission  letters  Mail  to  Res- 
piratory CARE,  600  Ninth  Avenue.  Suite  702.  Seattle  WA  98104. 
Do  not  fax  manuscripts.  Receipt  w  ill  be  acknow  ledged. 

Rkspikatok\  Care 
Editorial  Office: 

600  Ninth  Avenue.  Suite  702 
Seattle  WA  98104 

(206)  223-0558  (voice) 

(20(11  223-05631  taxi 
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Cover  Letter  &  Checklist 

A  copy  of  this  completed  form  must  accompany  all  manuscripts  submitted  for  publication. 


Title  of  Paper:  _ 
Publication  Category: 


Corresponding  Author: Phone: FAX: 

Mailing  Address: 

Reprints:      □  Yes     □  No  E-mail  Address: 


"We,  the  undersigned,  have  all  participated  in  the  work  reported,  proofread  the  accompanying  manuscript,  and  approve  its  sub- 
mission for  publication."  Please  print  and  include  credentials,  title,  institution,  academic  appointments,  city  and  state.  If  more 
than  4  authors,  please  use  another  copy  of  this  form.* 

"First  Author: . 


Author  Signature/Date. 


'Second  Author: 


'Third  Author: 


Author  Signature/Date  _ 


Author  Signature/Date  _ 


"Fourth  Author: 


Author  Signature/Date_ 


Has  this  research  been  presented  in  any  public  forum?        □  Yes     ~l  No 
If  yes,  where,  when  and  by  whom? 


Has  this  research  received  any  awards?         □  Yes     □  No 
If  yes,  please  describe. 


Has  this  research  received  any  grants  or  other  support,  financial  or  material?       □  Yes     □  No 
If  yes,  please  describe. 


Do  any  of  the  authors  of  this  manuscript  have  a  financial  interest  in  (or  a  commercial  or  consulting  relationship  to)  any  of  the 
products  or  manufacturers  mentioned  in  this  paper  or  any  competing  products  or  manufacturers?         Zl  Yes     ^_J  No 


:  yes,  please  describe. 


□  Have  you  enclosed  a  copy  of  the  manuscript  on  diskette? 

Z}  Is  double-spacing  used  throughout  entire  manuscript? 

^3  Are  all  pages  numbered  in  upper-right  corners? 

^  Are  all  references,  figures,  and  tables  cited  in  the  text? 

_]  Has  the  accuracy  of  the  references  been  checked,  and  are  they  correctly  formatted? 

_)  Have  SI  values  been  provided? 

^_)  Has  all  arithmetic  been  checked? 

_]  Have  generic  names  of  drugs  been  provided9 

^}  Have  necessary  written  permissions  been  provided? 

^}  Have  authors'  names  been  omitted  from  text  and  figure  labels? 

_)  Have  copies  of  'in  press'  references  been  provided? 

^_)  Has  the  manuscript  been  proofread  by  all  the  authors? 

^_)  Have  the  manufacturers  and  their  locations  been  provided  for  all  devices  and  equipment  used? 
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News  releases  .il*>ui  new  products  and  services  will  be  considered  i<"  publication  in  Ihii 
is  no  charge  for  these  listings  Send  descriptive  release 
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Rcadei  Service  t  ard  can  <■  umal 


New  Products 
&  Services 


JL. 
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1 

J   _ 

- 

^    •••••••  O     K. 

Color  Screen  Option  for  Ventilator. 
Respironics  has  released  a  new  color 
screen  option  for  its  [{sprit®  ventilator. 
Compan)  press  materials  sav  the  new 
screen  is  designed  to  enhance  a  clini- 
cian's  ability  to  identity  displays  and  fa- 
cilitate the  unit's  graphical  user  interface 
Respironics  says  the  screen  uses  color  to 
draw  immediate  attention  to  ventilator 
status,  setting  changes,  and  alarms,  and 
that  it  can  be  included  with  initial  ventila- 
tor purchase  or  added  later.  For  more  in- 
formation from  Respironics.  circle  num- 
ber 19M  on  the  reader  service  card  in  this 
issue,  or  send  sour  request  electronicall) 
via  "Advertisers  Online"  at  htlp://www. 
aarc.org/bu_vers  guide/ 

Portable  Metabolic  I  nit  SensorMedics 
has  introduced  the  VmaxST,  a  portable 
metabolic  unit  the  compan)  calls  exciting 
new  technology  for  medical,  research, 
and  Fitness  professionals  who  assess  oxy 
gen  consumption.  According  to  the  com- 
pany, this  new   device  allows  subjects  to 

be  tested  outside  the  laboratory  where 
the)  actually  perform  dail)  exercise  rou- 
tines like  walking,  climbing,  biking,  skat- 
ing, rowing,  or  even  mountain  climbing. 
Compan)  press  materials  describe  the 
uiul  as  weighing  less  than  an)  similar 
product  on  the  market,  and  offering  bi-di- 
rectional telemetry  that  lets  you  view  data 
up  to  1.000  meters  away  and  communi- 


cate with  the  exercisei  SensorMedics 
s.ivs  the  VmaxSI  is  also  convenient  to 
use  in  the  lab.  interfacing  with  man)  ei 
gometers  and  treadmills  and  providing 
downloadable  data  stored  directl)  in  the 
umi  Foi  more  information  from  Sen- 
sorMedics, circle  numbei  200  on  the 
reader  service  card  in  this  issue,  or  send 
your  request  electronicall)  via  "Advertis- 
ers Online"  at  http://www.aare.org/buy- 
ers_guide/ 

Updated  Ventilator  Series   Pulmonetic 

Systems  has  added  several  new  features 
to  its  series  of  I.TVIVI  ventilators.  Ac- 
cording to  the  company,  the  LTV  1000 
now  offers  inspiratory/expirator)  hold. 
Pulmonetic  representatives  say  this  new 
feature  allows  for  patient  diagnostic  mon- 
itoring which  aids  in  the  assessment  of 
therapeutic  decision.  The  company  also 
says  monitor  scroll  has  been  added  to  its 
LTV  series  allowing  data  to  scroll  auto- 
matically and  continuous!)  provide  criti- 
cal patient  information.  For  more  infor- 
mation from  Pulmonetic  Systems,  circle 
number  201  on  the  reader  service  card  in 
tins  issue,  or  send  your  request  electroni- 
call) via  "Advertisers  Online"  at 
http://www.aarc.org/buvers_guide/ 


ISF.  Electrodes  \l  K(  I  Diagnostic  Cor- 
poration has  recently  developed  ISE  elec- 
trodes for  AVL  9100  series  analyzers. 
According  to  the  compan)  the)  now  offer 
the  Na+,  K+.  reference  electrodes  and 
reference  housing   for  use  on  the  AVI. 


9120,  91  50,  91  lo  &  9180  \l  ko  says 
its  products  are  designed  for  use  in  place 
oi   original  equipmenl  manufacturer's 

consumables    Correlation  data  aie  avail 
able  upon  request  to  Al.KO   For  more  in- 
formation  from  Al.KO  Diagnostic  I 
poration,  circle  numbei  202  on  the  reader 
service  card  in  tins  issue,  or  send  your  re- 
quest electronicall)  via  "Advertisers  On 
line"   at   http://www.aarc.org/bu_vers 
guide/ 

Pulse  Oximeter  Datex-Ohmeda  Inc. 
Ohmeda  Medical,  and  Masimo  Corpora 
tion  have  joined  together  to  distribute 
Masimo's  new  Radical™  Signal  Extrac- 
tion pulse  oximeter.  Datex-Ohmeda  press 
materials  describe  the  Radical  pulse 
oximeter  as  the  first  end-user  product  de- 
veloped h_v  Masimo  that  uses  the  compa- 
ny's Signal  Extraction  Technology 
(SET).  The  company  sav  s  SFI  is  a 
method  for  measuring  signals  accurately 
and  reliably  in  the  presence  oi  patient  mo- 
tion and  low  perfusion.  According  lo 
Datex  ( mmeda,  the  de\  ice  can  be  used  as 
a  bedside  monitor,  a  handheld  oximeter. 
or  can  upgrade  existing  multi-parameter 
monitors  to  Masimo  SET  through  its  Sat- 

Shaic  '  interlace.  For  more  information 
from  Datex-Ohmeda  Inc.  Ohmeda  Medi- 
cal, circle  number  203  on  the  reader  ser- 
vice card  in  this  issue,  or  send  your  re- 
quest electronicall)  via  "Advertisers  On- 
line" at  http://wvvvv.aarc.org/buvers 
guide/ 
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Calendar 
of  Events 


Date 


AARC  &  Affiliates  Programs 


Contact 


April  4-5 


USRC  2001  Conference;  Ogden,  UT 


Utah  Society  for  Respiratory  Care, 
peberele@weber.edu 


April  9-1 1  North  Dakota  Society  for  Respiratory  Care's 

Annual  Educational  Symposium;  Fargo,  ND 


May  11 


Michelle  Sele,  (701)  234-6777, 

michellesele@meritcare.com, 

www.ndsu.nodak.edu/ndsrc 


April  12-13 

Rhode  Island  Society  for  Respiratory  Care's 
17th  Annual  Conference,  Newport,  Rl 

Wayne  P.  Foresti,  (401)  769-8758, 
RIWPF732@aol.com 

April  19-20 

PSRC  4th  Annual  Eastern  Regional 
Conference  and  Exhibition, 
King  of  Prussia,  PA 

Pennsylvania  Society  for  Respiratory 
Care,  Ann  Cusano,  (215)  646-7300, 
ext.  428,  cusano.a@gmc.edu 

April  25-27 

Region  II  28th  Annual  Meeting; 
Covington,  KY 

Jeff  Jones,  (800)  691  -3041 ,  #1 , 
www.bright.net/~dsibb/reg2rc.htm 

May  9-10 

Maine  Society  for  Respiratory  Care's 
Spring  Fling;  Lewiston,  ME 

Roberta  Crockett,  (207)  262-2214 

ASRC  Diamond  Conference, 
North  Little  Rock,  AR 


Arkansas  Children's  Hospital,  UA 
Medical  Sciences,  Kesha  Mack, 
(501)661-7962, 
mackkeshav@exchange.uams.edu 


June  6-8 

FSRC  State  Convention;  Fort  Lauderdale,  FL 

Pat  Nolan,  (561)546-1863, 
(800)  447-3772,  fsrc@inetw.net 

June  13-15 

Illinois  Society  for  Respiratory  Care's  33rd 
Annual  Convention;  Oak  Brook  Terrace,  IL 

Kelli  DeBerry,  (847)  981  -3581 . 
www.isrc.org 

July  21-23 

Management  and  Education  Sections, 
Summer  Forum;  Naples,  FL 

AARC,  (972)  243-2272,  clay@aarc.org 

July  23-24 

Asthma  Disease  Management  Seminar,  Naples, 

FL       AARC,  (972)  243-2272,  clay@aarc.org 

Sept.  26-27 

MSRC  Annual  Meeting,  Sturbridge,  MA 

Valen-Ann  Bolduc,  (508)  429-7478, 
02val@aol.com 

Dec.  1-4 

47th  International  Respiratory 
Congress;  San  Antonio,  TX 

AARC,  (972)  243-2272,  clay@aarc.org 

Date 

Other  Meetings 

Contact 

May  12-14 

Spring  Sleep  Seminar  2001 ,  Branson,  MO 

Bill  Rivers  or  Melinda  Trimble, 
(501)713-1272 

Oct.  2-4 

Cardiorespiratory  Diagnostics  2001 ; 
Las  Vegas,  NV 

Medical  Graphics  Corporation. 
Mari  Orke,  (800)  950-5597,  ext.  444. 
www.medgraph.com 

422 


Ri  SPIR  \k)rv  CARE  •  April  2001  VOL 46  No  4 


Notices 


Lir-hipv  fellowship 

.mil  ihc  like  will  be  listed  here  fn  lema  i"t  the  Noi 

[he  desired  month  of  publication  Uanuao  I  for  the  March  issui   Februarj  Iforthi   Vprilissue  etc)  Include  all 
pertinenl  information  and  mail  notices  to  Ki  snk  \n«i  (  VRI 


Scheduled  V lo-ietto-'i & 
Round*  2001 

Program  #1  Taking  the  Mystery  Out  of  Ventilator 
Weaning  lor  Children—  Peter  Betil  BS  RRT  FAARC; 
I  lost  Richard  D  Branson  BA  RRT  FAARC— Vide 
March  13  Audio  April  10 

Program  #2  Pulmonarj  Rehabilitation:  Standard  Care 

for  Chronic  Lung  Disease  Patients — Trina  Limberg  BS 
RRT:  Host  Thomas  J  Kailstrom  RRT  FAARC— Video 
March 27  Audio  April  17 

Program  #3  Noninvasive  Ventilation:  The  latest 
Word— Dean  R  Hess  PhD  RRT  FAARC;  Host  Richard  D 
Branson  BA  RRT  FAARC— Video  April  24  Audio  Ma)  2l) 

Program  #4  Patient  Education  for  the  Asthmatic — 
Trace)  Mitchell  RRT:  Host  Thomas. I  Kailstrom  RRT 
FAARC— Video  May  22  Audio  June  19 

Program  #5  ARDS:  The  Disease  and  Its  Management — 

Leonard  D  Hudson  MD:  Host  David  J  Pierson  MD 
FAARC— Video  June  26  Audio  July  17 

Program  #6  New  Respiratory  Drugs:  What,  When, 

and  How— Joseph  L  Rau  PhD  RRT  FAARC:  Host 
Patrick  J  Dunne  MEd  RRT  FAARC— Video  August  1 4 
Audio  September  1 1 

Program  #7  Invasive  Ventilation:  The  Latest  Word — 
Richard  H  Kallet  MS  RRT:  Host  Richard  D  Branson  BA 
RRT  FAARC— Video  September  25  Audio  October  16 

Program  #S  Test  Your  Lungs-Know  Your  Numbers- 
Prevent  Emphysema — Thomas  L  Petty  MD  FAARC: 
Host  David  J  Pierson  MD  FAARC— Video  October  23 
Audio  November  20 


Helpful  Websites 

American  Association  for  Respiratory  Care 
http://www.aarc.org 

—  Current  job  listings 

\iiHiK.m  Respirator)  <  are  I  otindation 
fellowships,  grants,  &  awards 

—  Clinical  Practice  Guidelines 

National  Board  for  Respiratory  Care 
http://www.nbrc.org 

RESPIRATORY  CARE  online 

http://www.rcjournal.com 

—  Subject  and  Author  Indexes 
— -Contact  the  editorial  staff 

—  OPEN  FORUM;  submit  your  abstract  online 

Asthma  Management 
Model  System 
http://www.nhlbi.nih.gO'\ 

Keys  to  Professional  Excellence 

http://www.aarc.org/kevs/ 

Committee  on  Accreditation  for  Respiratory  Care 

http://www.coarc.com 


The  National  Board  for  Respiratory  Care — 
Examination  Fees  for  2001 


Examination 

CRT 

Perinatal/Pediatric 

CPFT 
RPFT 


Examination  Fees 

$190  (new  applicant  I 
SI 50  (reapplicant) 

$250  (new  applicant) 
$220  (reapplicant) 

$200 (new  applicant) 
$170  (reapplicant  i 

S250  (new  applicant  i 
$220  (reapplicant) 


RRT         $190  (new)  $150  (reapplicant)  written  onlj 
(Written  $200  (new  and  reapplicant  I  CSE  onlj 

&  CSE)  $390  (new  I  $350  (reapplicant)  both 

For  information  about  othei  sen  ices  or  fees,  « rite  to  the 

National  Board  tor  Respirator)  Care, 

8310NiemanRoad,  Lenexa  KS  66214,  oi  call 

(913)599-4200,  1  \\  (91  5)541-0156, 

ore-mail:  nbrc-info<S  nbrc.org 
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When  incentive  spirometry  alone  won't  open  patients'  airways,  expand  your 
options  with  new  EZ-PAP.  It  makes  providing  positive  airway  pressure 
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therapy,  once  an  hour  —  not  for  hours  at  a  time. 


EZ-PAP  features  a  pressure  port  for  connection  to  a  gauge  (recommended 

for  initial  use  with  each  patient),  and  standard  22-mm  OD  fitting  to 

accommodate  a  mouthpiece  or  3  mask  options.  For  more  information, 

call  DHD  Healthcare  toll-free  today:  1-8IIII-847-8II0II. 
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